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Summary
Desulfovibrio gigas is a model organism of sulfate-reducing bacteria of which energy 
metabolism and stress response have been extensively studied. The complete genomic  context 
of this organism was however not yet available. This thesis is about the sequencing of the D. 
gigas  genome and provides insights into the integrated network of energy conserving complexes  
and structures present in this bacterium. The work presented describes the technological 
processes used to sequence the genome.  Chapter I is an overview of its most recent advances 
in bacterial genome sequencing, since the first genome published of Haemophilus influenzae 
till present; Chapter II is mostly an overview of the 4 different technologies that were 
necessary to finalize this genome sequencing project: shotgun sequencing through Sanger 
method and massive DNA sequencing from 3 different next generation sequencing (NGS) 
platforms:  454 (Roche); Genome Analyzer and Hiseq2000 (Illumina) and Ion Torrent (Life 
Technologies). Chapter III is an exercise of bioinformatics for comparative analysis of all 
different sources of raw data of DNA reads, and for assembling the DNA bacterial chromosome 
and plasmid. Chapter IV is dedicated to the results of assembling and annotating the genome 
of Desulfovibrio gigas, and some important findings and location of genes coding for metallo-
proteins; And finally, chapter V is dedicated to the trends in genomics and to the importance 
of translational research. It should be emphasized  that this thesis, besides delivering the main 
findings on D. gigas genome, intends to propose a model for fostering translational research in 
Portuguese research Institutes and Universities, taking advantage of the author’s accumulated 
experience on this matter, being this work presented as an example of a successful industry-
academia partnership.
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Sumário
Desulfovibrio gigas é um organismo modelo de bactérias redutoras de sulfato,  de quem 
o matabolismo energético  e resposta ao stress têm sido extensivamente estudados. A 
genómica completa deste organismo foi no entanto apenas disponibilizado no ano de 2014. A 
sequenciação do genoma de D. gigas forneceu importante informação sobre  a rede integrada 
de complexos de conservação de energia e de estruturas presentes nesta bactéria. O trabalho 
apresentado nesta tese descreve os processos tecnológicos utilizados para sequenciar o 
genoma da bactéria redutora de sulfato Desulfovibrio gigas. O Capítulo I é uma visão geral 
dos mais recentes avanços na sequenciação do genoma bacteriano, desde o primeiro genoma  
publicado (Haemophilus influenzae)  até ao presente; O Capítulo II apresenta uma visão 
geral das quatro tecnologias diferentes que foram  necessárias para finalizar o projeto de 
sequenciação do genoma:  Sanger shotgun, e sequenciação massiva de DNA  realizadas em  3 
diferentes plataformas de sequenciação de nova geração (NGS):  454 (Roche); Genome Analyzer 
e Hiseq2000 (Illumina) e Ion Torrent (Life Technologies). O Capítulo III é um exercício de 
bioinformática com vista à análise comparativa de todas as diferentes fontes de dados brutos 
de sequências de DNA, e de forma a testar estes mesmos dados na montagem do cromossoma 
bacteriano e do plasmídeo de D. gigas.  O Capítulo IV é dedicado à apresentação dos  resultados 
de montagem e anotação  do genoma, bem como da localização de genes que codificam 
para importantes metalo-proteínas. E, finalmente, o capítulo V é dedicado às tendências em 
genómica e à importância da investigação de translação. Deve-se ressaltar que essa tese, além 
de introduzir as principais descobertas sobre o genoma de  D. gigas, tem a intenção de propor um 
modelo de fomento à investigação translacional em Institutos de investigação Portugueses e 
em Universidades. Tal é possível recorrendo à experiência acumulada do autor, sendo o presente 
trabalho é apresentado como um exemplo bem sucedido de uma parceria entre empresa e 
Universidade.
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On the road of sequencing the genomes: 
Past, Present and Future
Preamble
Genome sequencing started as an important scientific challenge and is now becoming a wide-
spread routine in many laboratories, due to its utmost importance in solving research hypothe-
sis and to the availability of massive sequencing technologies.
The number of bacterial genomes that have been sequenced is now (April 2014) a total of 
21,820, after the first published genome in 1995 of the bacteria Haemophilus influenzae, and 
there are currently 11,746 bacterial genome sequencing projects in progress.
Small genome sequencing can now be performed, from DNA to raw data, in 2 or 3 weeks, if 
using the utmost high throughput technologies. Analysing the BIG DATA generated by these 
technologies requires complex bioinformatics algorithms, that are more and more accurate 
and fast on assembling the contigs and scaffolds, predicting the annotation, and proposing the 
encoded metabolic pathways.
This thesis is about the sequencing of the bacterial genome of Desulfovibrio gigas, its bioinfo-
matics analysis and annotation. Using it as an example, it tries to provide the state of art on the 
overall thematic of small genomes sequencing, some of its numbers and statistics, importance 
and trends for the future. 
Issues of economic importance and relevance of the activity of small genomes sequencing 
are also presented, introducing the biotech start-up company STAB VIDA ltd as a real example 
of translational research.
 
“All things are difficult before they become easy”
(Thomas Fuller)
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Chapter I – Introducing the bacterial genomes sequencing, the genus 
Desulfovibrio and the bacteria Desulfovibrio gigas
Preface
Chapter I describes the evolution seen in the recent years in the field of bacterial genomes 
research and, in particular, of the Desulfovibrio genus. This knowledge has been booming since 
the year of 2007, and its impact on different fields and applications is very high, has mentioned 
in studies referred in the next sections
“An expert is a person who has made all the mistakes that can be made in a very narrow field”
Niels Bohr
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I.1 – State of the art of bacterial genome sequencing
At the moment the Genomes Online Database lists a total of 64,817 studied genomes when 
considering all the phylogenetic groups, from which 6,410 are defined as complete and published, 
820 listed as complete and 17,151 listed as permanent drafts (genomes that are sequenced but 
not completely closed). Out of that, 30,530 are defined as incomplete, 7,156 are being proposed, 
1,044 are targeted, and 1,706 are defined as abandoned (source: GOLD database).
 
Figure 1 – Whole genome sequencing projects developed, organized by Phylogenetic Group.
When considering only bacterial genomes there is a total of 47,256 genomes, from which 
2,826 are defined as complete and published, 733 listed as complete and 15,772 listed as per-
manent drafts (genomes that are sequenced but not completely closed), 19,127 are defined as 
incomplete. Out of the above total 6,970 are being proposed, 629 are targeted, and 1,199 are 
defined as abandoned.
Table 1 – Genome sequencing project status of the overall genomes from all the 
phylogenetic and of the bacterial genomes, specifically. 
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The most active genomic centres in the world performing bacterial sequencing and the phy-
logenetic distribution of the target organisms are shown in Fig 2 and Fig 3. This distribution is a 
direct consequence of the most important phenotypic importance of the selected organisms, as 
can be seen in Fig.4: 
 
Figure 2 - Major Sequencing Centres for Archaeal and Bacterial Genomes in 2014,
 within 39,557 projects (GOLD database).
 
Figure 3 - Phylogenetic distribution of Bacterial Genome Projects in 2014 from 
a total of 59,235 projects (GOLD database).
 
 
Figure 4 - Thematic Relevance of Bacterial Genome Projects in 2014 from 
a total of 39,152 projects (GOLD database).
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The state-of-art of genome sequencing in Portugal is summarized in Table 2. The first de novo 
sequenced genome with the status of complete was the Desulfovibrio gigas, deposited in NCBI 
(CP006585 and its plasmid CP006586) in the year of 2013, and published in 2014 in a open 
access journal (Morais-Silva et al 2014).
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I.2 - State-of-art of the importance and the applications of bacterial genome se-
quencing in life sciences in general.
 
In this section we highlight the importance of bacterial genome sequencing in such diverse 
areas as archeology research, clinical research, clinical practice, metagenomes for bioremedia-
tion and many others. A few illustrative examples of specific bacterial genomes are provided as 
proof of its contribution to solving important scientific questions.
I.2.1 – Genomic archeology
The change of the human lifestyle into urban environments, with antibiotics and advanced 
sanitation, represented a fundamental change in the relationship with microbes, and even if we 
have benefited from that change, it appears the risk for allergies and other inflammatory dis-
eases is increasing. The best way to understand this situation is by studying the ancestral state 
of the human microbiome (Levy, 2013).
Examples through the detailed analysis of the tRNA structure of the genomes of Escherichia 
coli strains K12, CFT073, and O157:H7, Shigella flexneri 2a 301, and Salmonella typhimurium 
LT2, a genomic glance at the problem of tRNA evolution as a repetitive process, and the re-
lationship of this mechanism to genome evolution and codon usage, was done (Withers et al, 
2006) the authors show that, on average, 0.64 tRNA insertions/duplications occur every milion 
years per genome per lineage, while deletions occur at the slower rate of 0.30 per million years, 
per genome per lineage. 
 
I.2.2 - Clinical medicine.
The latest generation of benchtop DNA sequencing platforms can provide an accurate 
whole-genome sequence (WGS) for a broad range of bacteria in less than a day. There is in-
creasing evidence that use of these techniques could enhance the provision of diagnostic and 
public health microbiologic analyses and support efforts to understand and contain the spread 
of microbial pathogens, including multidrug-resistant organisms (Reuter et al, 2013).
Example 1: The rapid next-generation technologies facilitated prospective whole genome 
characterization in the early stages of the German enterohemorrhagic Escherichia coli O104:H4 
outbreak occurred in 2011, helping to make informed decisions about treatment, prevention, and 
source tracking (Mellman et al, 2011).
Example 2: The sequencing of two isolates of Pseudomonas aeruginosa obtained from pa-
tients with pneumonia, named 138244 and 152504, representative of allelic sequence types 
ST175 and ST560 respectively, were done in Portugal. Several unique genes encoding hypothet-
ical proteins were found in the isolates, with particular relevance to genes involved in antibiot-
ic-resistance (e.g. puromicin N-acetyltransferase-like gene) (Soares-Castro, 2011).
I.2.3 Metagenomics for Bioremediation
The study of metagenomes obtained directly from the environment is designated as environ-
mental genomics or ecogenomics, where total DNA sequencing from the environmental sample 
is crucial. We refer, as example, the deep-sea hydrocarbon plumes. Due to crude oil spills, it 
causes drastic changes in the microbial communities, nevertheless some of those communities 
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contribute to the bioremediation of the spill. By applying metagenomic approaches to under-
stand the enzymatic processes and community dynamics of oil-degrading bacteria, valuable 
insights that inform about the ongoing bioremediation efforts can be gained (Pham and Anonye, 
2014).
Phytoremediation applications are another example of metagenomics importance. Many om-
ics analyses data are now combined with high-throughput isolation and screening of microbial 
characteristics to assist in determining the potential activity of microbes that are perhaps not 
naturally dominant, but that should be targeted in phytoremediation treatments. The charac-
terization of potential microorganisms that have yet to be cultured, in contaminant remediation 
or plant growth promotion, arises as a promising strategy (Bell et al, 2014).
I.2.4 Metagenomics for Microbiomes (Community genomics)
The multi ‘omics’ approach is a powerful tool for understanding the functional symbiotic inter-
play of human eukaryotic and prokaryotic cells and dynamics of molecular modifications of this 
multi-cellular system in different environmental conditions (Shenderov and Midtvedt, 2014).
An example is the identification and validation of 60,000 type-2-diabetes-associated markers 
and the establishment of the concept of metagenomic linkage group, enabling taxonomic spe-
cies-level analyses. MGWAS analysis showed that patients with type 2 diabetes were charac-
terized by a moderate degree of gut microbial dysbiosis, a decrease in the abundance of some 
universal butyrate-producing bacteria and an increase in various opportunistic pathogens, as 
well as an enrichment of other microbial functions conferring sulphate reduction and oxidative 
stress resistance (Qin et al, 2012).
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I.3 - The genus Desulfovibrio: state-of-art of the sequenced genomes 
of this genus.
Non-photosynthetic eukaryotes are, with a few exceptions, restricted to organic carbon as 
energy source and oxygen as electron acceptor. On the other hand, prokaryotes explore almost 
every possible energy source and oxidant available, being also able to sustain life in extreme 
environments. One of the metabolic strategies adopted is anaerobic respiration, in which organic 
or inorganic compounds are used as terminal electron acceptor for a respiratory electron trans-
fer chain. The most common oxidants respired by microorganisms are carbon dioxide, sulphate, 
sulphur, nitrate and iron oxides (Matias et al, 2005).
Sulfate-reducing bacteria (SRB), are chemolithotrophic bacteria that use sulfate as terminal 
electron acceptor, and constitute a unique physiological group of microorganisms that couple 
anaerobic electron transport to ATP synthesis. The first report of SRB, the Spirillum desulfu-
ricans which was later renamed as Desulfovibrio desulfuricans was made by Beijerinck, from 
a Dutch city canal in Delft in 1895. Beijerinck highlighted that microbial formation of hydro-
gen sulfide has great importance and interest from both scientific and applied points of view. 
Sewage contamination caused evolution of large amounts of hydrogen sulfide from city canals 
in summertime. He managed to enrich the ‘‘sulfidferment’’ and to obtain isolated colonies in 
agar, which were distinct due to their surroundings, constituted by black iron sulfide precipitate. 
The motile, curved rod morphology that he reported for Spirillum desulfuricans were isolated 
and characterized as the first Desulfovibrio species. In 1903 the isolation in pure culture was 
achieved by van Delded and in 1930 a comprehensive study of its physiology and metabolism 
was made by Baars (Roy and Trudinger, 1970; Voordouw, 1995; Barton and Fauque, 2009).
The dissimilatory sulphate bacteria are widely distributed in sea water, marine muds, fresh 
water, soil and oil-bearing environments. They play a major role in anaerobic corrosion pro-
cesses and other processes of economic importance, and these relevant activities displayed by 
SRB are a consequence of the unique electron transport components, or the production of high 
levels of H2S. The capability of SRB to utilize hydrocarbons in pure cultures and consortia has 
resulted in using these bacteria for bioremediation of BTEX (benzene, toluene, ethylbenzene 
and xylene) compounds in contaminated soils. Specific strains of SRB are capable of reducing 
3-chlorobenzoate, chloroethenes, or nitroaromatic compounds and this has resulted in propos-
als to use SRB for bioremediation of environments containing trinitrotoluene and polychloro-
ethenes (Roy and Trudinger, 1970; Barton and Fauque, 2009).
The most easily and rapidly cultured sulfate reducers are the SRB members of the genus 
Desulfovibrio, as such this genus became the most extensive biochemical and physiological 
model for research. Dissimilatory sulphate reduction in Desulfovibrio species is linked to elec-
tron transport-coupled phosphorylation because substrate level phosphorylation is inadequate 
to support their growth. The SRB belonging to the genus of Desulfovibrio possess a number of 
unique biochemical and physiological characteristics such as the requirement of ATP to reduce 
sulphate, the cytoplasmic localization of two key enzymes [adenylylsulfate (APS) reductase 
and bisulfite reductase] involved in the pathway of respiratory sulfate reduction, the periplas-
mic localization of some hydrogenases and the abundance of multihemic c-type cytochromes 
(Barton and Fauque, 2009).
The investigation of the mechanism of dissimilatory sulfate reduction has been undertaken 
mostly with Desulfovibrio species. Four cytoplasmic enzymes are sufficient for reduction of 
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sulfate to sulfide in an eight electron reduction process. From a biochemical point of view, SRB 
are important bacteria because they contain a diversified and complex electron carrier system. 
A characteristic feature of the sulfate reduction electron transfer pathway is the involvement 
of multiheme c-type cytochromes and iron–sulfur proteins of low redox potentials (Barton and 
Fauque, 2009).  According to the Genomes Online Database (GOLD) there are currently 14 
species of Desulfovibrio that are completely sequenced and published among 77 other Desulfo-
vibrio species, with the remaining being in an incomplete, or permanent draft stage (please refer 
to table 3.). 
 
Figure 5 – Representation of the geographical origin of 77 Desulfovibrio species sequenced, 
according to the GOLD database. It should be noted that not all of these species are 
completely sequence (GOLD database - www.genomesonline.org).
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Table 3 - The Desulfovibrio genus completely sequenced and published genomes
Desulfovibrio vulgaris
Hildenborough
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I.4 - The bacteria Desulfovibrio gigas, and the reasons for deciding to sequence its 
genome.
     
Figure 6 – The sulfate-reducing bacterium Desulfovibrio gigas. 
The left and center images were provided by the ITQB and 
the picture in the right side taken from Water Services LtD.
Desulfovibrio gigas is remarkable among the sulphate reducing vibrios in several respects: 
morphologically it is different from other Desulfovibrios by its size and its resemblance to a 
spirillum. In view of its biochemistry, it is one of the best explored anaerobic, nonphotosynthetic 
heterotrophes with an electron transport phosphorylation system. Furthermore, its species is 
represented by a single isolate only unlike other Desulfovibrios existing in pure culture. Its en-
richment and isolation allowed gathering the knowledge about the distribution of this unusual 
organism (Schoberth, 1993).
It is considered an excellent biological model for investigation of the function and importance 
of hydrogenases in energy metabolism, since its genome encodes only two hydrogenases, the 
HynAB and Ech enzymes. Moreover, since each hydrogenase is located in a different cell com-
partment, D. gigas is also an excellent model to study the importance of hydrogen cycling in 
energy conservation. The D. gigas periplasmic HynAB enzyme is one of the most extensively 
studied enzymes of the [NiFe] type and was the first [NiFe] hydrogenase to have its crystal 
structure solved (Volbeda et al, 1995). The D. gigas cytoplasmic Ech hydrogenase belongs to the 
subgroup of multisubunit membrane-bound energy-conserving [NiFe] hydrogenases (Rodrigues 
et al, 2003; Morais-Silva et al, 2013).
The oxygen-sensing mechanisms of this anaerobic bacterium, indicate a possible transcrip-
tional mechanism to sense and respond to potential stress agents. Previous work using in vivo 
NMR has shown that non-growing cells of Desulfovibrio gigas can utilize oxygen as electron 
acceptor for the reducing power generated during glycogen catabolism, while developing 
high intracellular levels of ATP. Subsequently, a novel oxygen-utilizing pathway, linking NADH 
oxidation to oxygen reduction, was elucidated in this organism. This electron-transfer chain 
comprises two unique proteins, an NADH-rubredoxin oxidoreductase and a new terminal oxygen 
reductase; it also involves rubredoxin, a well-studied protein to which no physiological function 
had been previously described. These observations demonstrate the unexpected capacity of this 
‘strict anaerobe’ to profit from the presence of oxygen (Silva et al, 1999; Fareleira et al, 2003).
 On the Road of Sequencing the Genomes36 
The project of sequencing D. gigas genome started officially in 2006, by involving   two Por-
tuguese laboratories, both located at Oeiras: ITQB and STAB VIDA, Lda (a biotech start-up). 
Since 2003 that this consortium had been applying to get funding from the Portuguese “Agência 
de Inovação”, but this agency only considered it as an interesting project for a grant after our 
two laboratories consortium’s third attempt, in the year of 2006. 
Years before, Rodrigues-Pousada’s laboratory, where I was a PhD student, had delivered the 
genetic sequence of the very interesting protein MOP – molybdenum aldehyde oxido-reductase, 
contributing to the knowledge of this organism which, by that time, had more than 300 publica-
tions describing its iron-sulphur and other metalloproteinase, with a great portion of those being 
authored by ITQB researchers. The same happened with D. gigas deposited DNA sequences by 
our research group at Rodrigues-Pousada’s lab . In fact, Oeiras was (still is?) the “capital” of D. 
gigas, and sequencing its genome was just a matter of time. 
Figure 7 - Representation of the origin of 14 
Desulfovibrio species that have their genome completely sequenced 
and published, including the Desulfovibrio gigas (GOLD database).
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Chapter II – From Sanger Sequencing to NGS sequencing: the report 
of how we changed the technological sequencing approach, at the same 
time that genetics was experiencing a revolution in sequencing methods.
Preface
In the following sections, work that occurred between the years of 2006 and 2013 is present-
ed. The experimental work took longer than expected because, by an unexpected coincidence, 
the Gigasnoma project progressed in parallel with the NGS revolution that occurred in genetics, 
from 2005 till now. By 2006 we had no idea of what was coming in the new technologies, and 
that we would ever need increasingly higher sets of sequence data to complete the project. 
Here we present how we obtained the four different raw data sets needed to fully close and 
complete the genome. 
Acknowledgements: the work presented in this chapter has, besides the author, the partici-
pation of Marcia Matos and Carla Clemente, from STABVIDA’s lab, and Morais-Silva and Carla 
Santos, from Rodrigues-Pousada’s lab. Moreover, for the assembling bioinformatics exercise, the 
author acknowledges the valuable work performed by Jeronimo Ruiz at Fio Cruz’s laboratory. 
Raw data from 454 and Illumina platforms was obtained from subcontracting Biocant (PT), 
Keygene (NL) and Washindton University (USA).
“Success consists of going from failure to failure without loss of enthusiasm”
Winston Churchill
 On the Road of Sequencing the Genomes38 
II.1 - The 1st trial for sequencing D. gigas genome using shotgun Sanger protocol.
II.1.1 Preface
Our initiative of sequencing the genome of Desulfovibrio gigas started in 2006. The idea, then, 
was to use the same method as Craig Venter did for completing the 1.8Mb genome sequence of 
the free living organism, Haemophilus influenza. Eleven years before, in 1995, this very original 
work proved that the entire microbial chromosomes could be sequenced rapidly and accurately 
by applying a shotgun sequencing strategy to whole genomes. In this approach, the DNA is 
broken up randomly into numerous small segments, such that a single random DNA fragment 
library is prepared. Then, the ends of a sufficient number of randomly selected fragments are 
sequenced using the chain termination method, along with capillary electrophoresis, to obtain 
reads, and assembled to produce a complete genome. Multiple overlapping reads for the target 
DNA are obtained by performing several rounds of this fragmentation and sequencing. Comput-
er programs then use the overlapping ends of different reads to assemble them into a continu-
ous sequence (Fleischman et al, 1995).
  
Figure 8 - The innovative method developed in 1995 that become
known as “Shot-gun Sequencing.
(http://www.oxbridgebiotech.com/ ; http://esciencecentral.org )
Considered as a breakthrough, in 1995 J. Craig Venter from the Institute for Genomic Re-
search (TIGR) and Nobel laureate Hamilton Smith of Johns Hopkins University, sequenced 
the 1.8 Mb bacterium Haemophilus influenzae with new computational methods developed 
at TIGR’s facility in Gaithersburg, Maryland. Previously, such a shotgunning approach would 
have failed because the software did not exist to assemble the massive amount of information 
accurately. The software, developed by TIGR, called the TIGR Assembler was up to the task, 
reassembling the approximately 24,000 DNA fragments into the whole genome. The TIGR 
Assembler software required approximately 30 hours of central processing unit time, testifying 
to the enormous complexity of the computation (Sutton et al, 1995)
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Figure 9 - Circular representation of the H. influenzae Rd chromosome. 
More than 300 clones were sequenced from each end to confirm the 
overall structure of the genome and identify the six ribosomal operons.
II.1.2 - State-of-the-art of Shotgun Sanger Sequencing for small genomes decod-
ing.
By the time that we started our own genome sequencing project, in 2006, at least 254 ge-
nomes had been fully sequenced and published using the shotgun approach. Eleven years had 
passed since the 1st genome of H. influenza has been publicly released (see Fig 9). Table 4 illus-
trates examples of the genomes sequencing during this period of time, where a few illustrating 
examples are also put in evidence:
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Our starting point, by that year of 2006 was very encouraging:
- Our team had a ABI 3700 capillary electrophoresis sequencer that could run 96-well 
plates of sequence reactions for a 2 hour time each plate, with an average of 600 bp per read; 
We could run between 200 and 300 reactions per day, since the laboratory of STAB VIDA was 
performing it routinely for its clients;
- We had settled a collaboration with Scylla Ltd, a bioinformatics team in Campinas, Brazil, 
that had been previously involved in the Xylella fastidiosa genome project (Simpson AJ et al, 
2000);
- A genomic library of D.gigas had been already constructed in λ-DASH, using tagged molecu-
lar probes designed from known portions of the genome (Thoenes et al, 1994);
- Moreover, the members of the team had been involved in studying several different frag-
ments of D. gigas genome, resulting in 14 peer-reviewed publications which are detailed in the 
Table 5.
Table 5 - Peer-reviewed publications in which the members of the team had 
been involved, with the intent of studying several different genes of D. gigas.
Year  Publication  Gene  DNA fragment size  
1994
 Molecular cloning and sequence analysis of the gene of 
the molybdenum -containing aldehyde oxido -reductase of 
Desulfovibrio gigas . The deduced amino acid sequence 
shows similarity to xanthine dehydrogenase.  (Thoenes  et 
al, 1994)  
mop mop – 2721 bp  
Studies on the Redox Centres of the Terminal Oxidase 
from Desulfovibrio gigas and Evidence for Its Interaction 
with Rubredoxin.  (Gomes et al, 1997)  
roo 
rd 
Subcloned fragment size 
- 3600 bp 
1999
 Desulfovibrio gigas neelaredoxin. A novel superoxide 
dismutase integrated in a putative oxygen sensory 







ORF 1 ( mcp) – 1949 bp  
ORF 2 (cheW) – 506 bp 
nlr – 392 bp  
2000
 Molecular Cloning of the Gene Encoding Flavoredoxin, a 
Flavoprotein from Des ulfovibrio gigas.  (Agostinho et al , 
2000) 
flr flr – 583 bp  
2001
 Molecular Characterization of Desulfovibrio  gigas  
Neelaredoxin, a Protein Involved in Oxygen 




Nlr  500 bp  
ORF 1 and ORF 2 not 
found 
2001
 Analysis of the Desulfovibrio gigas Transcriptional Unit 
Containing Rubredoxin (rd) and Rubredoxin-Oxygen 








roo – 1209 bp  
rd – 158 bp  
OR F1 – 812 bp  
ORF 2 – 191 bp  
ORF 3 – 707 bp  
2003
 A novel membrane -bound Ech [NiFe] hydrogenase in 







echA – 1943 bp  
echB – 854 bp  
echC  – 443 bp 
echD  – 377 bp  
echE – 1076 bp  
echF  – 317 bp  
2003
 Docking and electron transfer studies between 
rubredoxin and rubredoxin:oxygen oxidoreductase.  
(Victor et al, 2003)  
rd 
roo 
Not described  
2005
 Characterization and Expression Analysis of the 
Cytochrome bd Oxidase Operon from Desulfovibrio  gigas  





cydA – 1332 bp  
cydB – 1011 bp  
2005
 Deletion of flavoredoxin gene in Desulfovibrio  gigas 
reveals its participation in thiosulfate reduction.  (Broco et 
al, 2005)  
flr 4378 bp  
2006
 Desulfovibrio gigas Flavodiiron protein affords protection 
against mitrosative Stress in vivo  (Rodrigues et al, 2006)  
roo 4378 bp  
1997
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By the time that the laboratory started studying the genes of D. gigas, previous evidence 
pointed out that the D. gigas genome size was around 1.6 Mbases, and that it carried two plas-
mids of around 70 MDal (105 kb) and 40 MDal (60 kb). It also gave a first clue on the very high 
GC content, around 65% (Postgate et al, 1984). We calculated that we would need a coverage 
of 7x. Fleischmann and collaborators, in 1995, had proposed and used a strategy where they 
sequenced a number of fragments from both ends to get 6x coverage (Fleischmann et al, 1995).
II.1.3 - Description of work - Material and Methods
This work package was done according to the following tasks, distributed between both the 
ITQB and STAB VIDA laboratories.
II.1.3.1 – Construction of a genomic library of D. gigas (shotgun cloning)
This first stage aimed at the preparation of small fragments of genomic DNA from Desulfo-
vibrio gigas. The genomic DNA was enzymatically digested to yield fragments of various sizes. 
Of these, we selected those with sizes between 0.5 kb and 2 kb, for subsequent insertion into a 
cloning vector, the plasmid pUC19. It was intended, therefore, that the recombinant plasmids 
represent the entire genome of D.gigas. The steps performed where:
- Digestion of genomic D.gigas DNA by SauIIIa restriction enzyme, generating fragments of 
different sizes;
- Restriction analysis of reactions by electrophoresis on agarose gel;
- Selection, extraction and purification of the fragments with sizes between 0.5 and 2.0 kb. 
The choice of the size of these fragments took into account both the stability of the cloning 
vector, such as the extension of the readings performed by the automated sequencer;
- Ligation with the enzyme DNA ligase, of the chosen fragments, into linearized pUC19 clon-
ing vector;
- Obtaining competent E. coli cells for transformation;
- Transformation of the competent cells with the recombinant plasmids;
- Selection of positive colonies by the λ-Gal (lacZ) colorimetric method;
- Culture of the positive transformants;
- Extraction and purification of plasmids from a culture of cells positive transformants;
- Analysis of plasmid DNA by agarose gel electrophoresis. Determination of its size, purity and 
concentration.
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II.1.3.2 - Screening of genomic library of cloned D. gigas in λ-DASH and subcloning 
in pUC19:
We have then used the genomic library of D.gigas already constructed in  λ-DASH, using 
tagged molecular probes designed from known portions of the genome. 
Once identified the plaques that contained complementary sequences to the probes, we pro-
ceed to the extraction of its DNA. This was digested and subcloned into minor cloning vectors 
(plasmid pUC19), which were used to transform competent bacteria. Of the positive clones. The 
recombinant plasmids of the positive clones were produced. We have done two genomic librar-
ies – one cloning fragments of 2 Kb and a random one by DNA shearing.
The steps performed were:
- Radioactive labelling of probes, designed from portions of the genome of D. gigas known and 
published;
- Extraction and purification of phage DNA of  λ-DASH from the phage plaques in which was 
verified the hybridization to the probes. Analysis of phage DNA by electrophoresis on agarose 
gel. Determination of size, purity and concentration;
- Digestion of the fragments cloned in phage  λ-DASH by the restriction enzymes (eg Sau-
IIIa), generating fragments of different sizes. Restriction analysis of reactions by agarose 
gel electrophoresis. Connection with the enzyme DNA ligase of the various fragments to the 
linearized cloning vector pUC19;
- Obtaining competent E. coli cells for transformation;
- Introduction of the recombinant plasmids into the competent bacterial cells;
- Selected positive colonies of transformants by colorimetric method;
- Culture of positive transformants;
- Extraction and purification of plasmids from a culture of positive cells transformants;
- Analysis of plasmid DNA by agarose gel electrophoresis. Determination of size, purity and 
concentration.
II.1.3.3 – Sequencing of cloned fragments:
The cloned fragments in pUC19 were amplified with the primer pair universal and reverse. 
These primers are complementary to the regions flanking the insertion sites of the fragments 
(MCS - multiple cloning site). The next steps were: 
i) purification of the amplification reaction products;
ii) removal of unwanted products; 
iii) automated separation of amplified fragments, labelled with fluorescent emitters, capillary 
electrophoresis;
iv) detection of fluorescent signals; 
v) interpretation of the nucleotide sequence generated by automated sequencer. The chemis-
try used was the Dye-terminator sequencing using Capillary electrophoresis. The dye-termina-
tor sequencing method, along with automated high-throughput DNA sequence analysers, was 
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used for this part of the sequencing project. The first 15–40 bases of the sequence were of pour 
quality deteriorating the quality of sequencing traces after 700–900 bases. We used BigDye® 
Terminator v3.1 Cycle Sequencing Kit.
The thermal cycling and clean up protocols for cycle sequencing have been modified to 
optimize results using the new formulation of this kit. We ran the samples on 3100 and 3700 
Genetic Analyzer, and ABI PRISM 3730 xl Genetic Analyzer.
   
Figure 10 – ABI Sequencers used during the Sanger protocol, 
from left to right: ABI 3700, ABI 3100 and ABI 3730xl
(http://www.medwow.com; www.maplewininternational.com).
  
Figure 11 - Bigdye® terminator 3.1 cycle sequencing kit 
on the left and a representation of a Sequencing Chromatogram
(www.lifetechnologies.com; www.stabvida.com).
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II.1.3.4 - Contig Assembly by the Scylla Bioinformatics team:
The database system Scylla Genome assembled a total of 29.564 reads, with additional 28 
sequences of D.gigas obtained from Genbank. The assembly procedure was performed using 
the program phrap (version 990 319). The assembly was carried out in three steps, detailed 
below: 
In the first step, all sequences were processed to obtain a clean first set of contigs. In the 
second stage, the contigs generated in the previous step were compared using the BLAST 
program (version 2.2.11). A graph was constructed so that each contig is an apex and each edge 
indicates the existence of alignment with e-value of 0.0 between contigs represented by the 
vertices. Then, the process of “reassembling” examined each of the connected components 
of the graph. In this analysis, all sequences of each connected component in the contigs are 
provided back to the program phrap. In this implementation the program is configured with less 
stringent parameters. The third stage was similar to the second one, the graph was however 
built considering the e-value 1e-10. The processes of recording the contigs were conducted using 
a glimmer program (version 3.02) to identify ORFs in each of contig assembly. Software’s also 
used:  AMOSCMP software and Bambus software.
II.1.3.5 Contig assembly and annotation by the Fiocruz team:
The assembly of the genome was not progressing satisfactorily and as such we have later 
switched to the bioinformatics Fiocruz team (BH, Brazil). Ab initio assembly was performed 
using Velvet version 0.7.55 software (Zerbino and Birney, 2008), and the consensus genomic 
sequence was obtained with Phrap. (http://www.phrap.org/phredphrapconsed.html). 
Structural annotation was performed using FgenesB (www.softberry.com), RNAmmer (La-
gesen et al. 2007), tRNA-scan-SE (Lowe and Eddy 1997) and Tandem Repeat Finder (tandem.
bu.edu/trf/trf.html). Functional annotation was performed by similarity, using public databases 
and InterProScan analysis (Zdobnov and Apweiler 2001). Protein-coding sequences were man-
ually curated using Artemis (Rutherford et al, 2000).
The results of this team’s bioinformatics work on the raw data from Sanger sequencing was 
gathered with other raw data’s analysis (see next sections of this chapter) and published in 
2014 (Morais-Silva et al, 2014).
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II.2 – The novelty of pyrosequencing - getting the first of the three NGS sequenc-
ing experiments for GIGASNOMA project
In September 2005, a paper published in Nature by Marcel Margulies and Michael Egholm et 
al, announced the breakthrough of pyrosequencing as the most promising large scale genome 
sequencing technology (Margulies et al, 2005). The paper described the process used to unlock 
the entire DNA code of the bacteria Mycoplasma genitalium in only four hours.  In the year of 
2008, encouraged with the publications using 454 for sequencing small genomes and hoping to 
contribute for our project of genome sequencing, we decided to find a sub-contractor for pro-
ducing a minimum of 25 Mbases of raw data from the DNA of Desulfovibrio gigas. At that time, 
the technology was not mastered at all in any of our laboratories (STAB VIDA and ITQB).
This new technology became an immediate breakthrough for the DNA sequencing and ge-
nome sequencing community. Unlike the shot-gun approach, it dismissed the need for a DNA 
cloning step, and could analyse more than 20 million base pairs at a time. If compared with the 
shotgun/Sanger approach, where the max output per run are 96 samples, times 700 bp each 
(around 70 Kb total per run), in the case of pyrosequencing the output was already 300x higher 
(considering the raw data only). The average base quality claimed was 99%, while in Sanger 
sequencing it was a bit higher (99.4%) (Margulies et al, 2005).
 
II.2.1 Pyrosequencing: how it began 
In 1999, Jonathan Rothberg, the CEO of a small biotech company, named CuraGen, found 
inspiration in the world of microelectronics, where for years chip’s processing power and storage 
capacity had been doubling every year or two. Looking for a gene-sequencing procedure that 
could be repeatedly miniaturized, he turned to a less powerful technique for dividing genetic 
material into manageable pieces, which could be analysed simultaneously.
From 1999 to 2005, the team of Dr. Rothberg developed the equivalent to a gene-sequencing 
“chip” that could analyse more than 20 million base pairs of DNA at a time. They gave it a brand: 
the 454 sequencer. Its proof of principle was in 2004, when the M. tuberculosis study resulted in 
the identification of the first tuberculosis-specific drug candidate in 40 years and also emphasised 
the value of the 454 Sequencer for bacterial sequencing applications (Rothberg et al, 2008).
It targeted the reduction of cost, complexity and time required for sequencing large amounts 
of DNA (bacterial & eukaryotic genomes). 454 Life Sciences, based in Branford, Connecticut, 
started in 2005 to market a tabletop DNA-sequencing machine that worked much faster than 
mainstream techniques and best machines, made by Applied Biosystems based in Foster City, 
California, that worked 100 times more slowly. In June 2006, 454 Life Sciences launched a 
project with the Max Planck Institute for Evolutionary Anthropology to sequence the genome 
of the Neanderthal, the extinct closest relative of humans. In 2007, the company Roche bought 
the 454 from Curagen for $155 million in cash and stock, saying at the time the deal would 
solidify its access to future 454 sequencers and enable it to use the tools for in vitro diagnostic 
applications. Starting in 2005, prior to the purchase, Roche had been the 454’s exclusive dis-
tributor. In September 2008 the complete Neanderthal mitochondrial genome was sequenced, 
establishing the divergence between humans and Neanderthal at 660,000 +/- 140,000 years. 
The full genome was published later on, in 2010 in Science, using a combination of 454 and 
Illumina sequencing (Green et al, 2006; Green et al 2008; Green et al, 2010).
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The 454 equipment could be used to sequence any double-stranded DNA and a variety of 
applications including de novo whole genome sequencing, re-sequencing of whole genomes and 
target DNA regions, metagenomics and RNA analysis. This new method introduced by the 454 
pyrosequencing machines proved to be 100 times faster and with a substantial reduction of the 
cost per base: from 15 US$ cts per base in Sanger Sequencing to approximately US$ 0.015 cts 
per draft sequence base pair at 10 x coverage (Chan, 2005).
Later on, 454 expanded its output capacity from 20 Mb to much more (≈700 Mb) using the 
GS FLX Titanium Sequencer. It was introduced in the year 2008, making use of a large-scale 
parallel pyrosequencing system capable of sequencing roughly 400-600 megabases of DNA 
per 10-hour run.
II.2.2 - How does pyrosequencing work?
The system relies on fixing nebulized and adapter-ligated DNA fragments to small DNA-cap-
ture beads in a water-in-oil emulsion. The DNA fixed to these beads is then amplified by PCR. 
Each DNA-bound bead is placed into a ~29 μm well on a PicoTiterPlate, a fibre optic chip. A mix 
of enzymes such as DNA polymerase, ATP sulfurylase, and luciferase are also packed into the 
well. The PicoTiterPlate is then placed into the GS FLX System for sequencing.
 
 
Figure 12 – Chemical Principle of the Pyrosequencing method.
In the next pictures, 13 to 18, the innovative 454 method (by the year of 2008, when we first 
used it) is described and illustrated step by step: 
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Figure 13 - Sample Input & Fragmentation - 
DNA is fragmented into many pieces..
 
Figure 14 - ligation of Preparation - Ligate Rapid Library 
Adaptors to the fragments for use in subsequent purification, 
quantification, amplification and sequencing steps.
Random libraries of DNA fragments are generated by shearing the entire genome, and com-
mon adapters are added. Afterwards, single DNA fragments are isolated by limiting dilution.
Figure 15 - One Fragment = One Bead - 
Attach library to DNA Capture Beads. Each bead 
carries a unique single-stranded library fragment.
Figure 16 - The entire emulsion is amplified in parallel, 
creating millions of clonally copies of each library 
fragment on each bead.
These single fragments are captured by their own beads and will be able to perform emulsion 
PCR: within the droplets of an emulsion, the individual fragment are clonally amplified. This was 
a great novelty, since it bypassed the need for any kind of subcloning in bacteria, because the 
templates were handled in bulk within the emulsions.
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Figure 17 - One Bead = One Read - 
the beads are loaded onto the PicoTiterPlate device,
where the surface design allows for only one bead per well.
Figure 18 - 454 Sequencing Data Analysis 
software uses the signal intensity of each incorporation event at 
each well position to determine the sequence of all reads in parallel.
Each clonally amplified fragment is then sequenced by synthesis, while a pump drives rea-
gents over the beads to create luminescent signals that show which DNA bases are being used 
to make copies of DNA. This yields a well-by-well set of sequences. 
Tables 6 and 7 make a summary of the evolution of the 454 sequencers, throughout the year 
2005 till 2013 (Gilles et al, 2011; Droege et al, 2008; www.454.com)
 
Table 6 – Evolution of the Roche sequencers from 2005 to 2009 -
commercial and performance characteristics.
 2005 2007 2008 2009 
Equipment  GS20  GS FLX  Gs FLX Titanium  GS Junior  
Average read 
length ~100bp ~250bp  ~350bp ~400bp  
Average error rate  Between 0,25% 
and 0,5%  
1,07% (it 
occasionally rose to 





Accuracy: Q20 (99%) 
at 400 bases  
Main Bottlenecks  Indel, Mismatches, High cost, low throughput   
Total BIG DATA 
generated per run
From 20Mbp to 
40 Mbp  100 Mbp  700 Mbp  ~35 Mbp  
Total costs per run 
(reagents only)  
3Mb genome - 
$12,488 total 
cost 
$8,439 total cost  $6,200  $1500  
Costs per Mb of 
Raw data 
(reagents only)  
4163  only 
the sequencing 
reagents  
$84,39 total cost  $12  $22  
De novo  genome 
sequencing  Yes  
Application with 
better performance  
Mapping,  facilitated de novo  genome sequencing, short run time  
Examples of De 





(Sekizaki et al, 2005)
(De Maayer et al, 
2012)








curcas L.  Pantoea ananatis  
Year
Clavibacter
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Such an improvement was related to the increase of the length of the individual reads. Most 
of the new technologies that were entering the market sacrificed length for parallelism and 
speed even more than 454. Early academic shakedowns suggested that the new Solexa’s 
system, by the year of 2009 produced chains of only 25 base pairs. Rothberg said then, that he 
expected to increase 454’s read lengths to 500 base pairs. By 2012, 454 eventually could gen-
erate reads of up to 1000 bp, even surpassing the Sanger technology.
Table 7 – Roche equipment’s with the respective 
commercial and performance characteristics (Gilles et al, 2011; www.454.com).
year  2010 2011  2012-2013 














kit  GS FLX 






330 bp (up to 500 bp 




400bp Up to 1,000 bp  Up to 600 bp  ~400 bp 
Average error 
rate 
First 102 positions - 
0,534%  
Full length (500-592 
positions) - 1,073%  
1%  Consensus accuracy at 15x 
coverage: 99.99%  
99% accuracy  
Main 
bottlenecks 










~35 Mb  
Total cost per 
run 




$ 7000  $ 1500  
Cost per Mb 
of raw data  
$ 20  $ 12,4  $ 22  $ 10  $ 22  







Mapping, particularly for repetitive regions, facilitated de novo  genome sequencing,  
(short run time)  
Example of de 
novo  genome  
Khoisan and Banatu 
genomes from 
southern Africa








(De Maayer et al, 2012)
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II.2.4 The decision to sub-contract Keygene and Biocant for getting raw data by 
using 454 pyrosequencing for GIGASNOMA:
In the year of 2008, and very excited with the publications using 454 for sequencing small 
genomes and since the many thousands of Sanger reads were enough, we decided to find a 
sub-contractor for producing a minimum of 25 Mb of raw data to add to the D. gigas Sanger 
reads. The companies keygene, in the Netherlands, and Biocant, in Cantanhede, Portugal, were 
chosen to run the Sequencing experiment, after sending them genomic DNA of D. gigas. 
II.2.4.1 - Materials and Methods (from sub-contractors)
Genomic DNA was fractionated into smaller fragments (300-800 base pairs) and polished 
(made blunt at each end). Short adaptors were then ligated onto the ends of the fragments. 
These adaptors provide priming sequences for both amplification and sequencing of the sam-
ple-library fragments. One adaptor (Adaptor B) contained a 5’-biotin tag for immobilization of 
the DNA library onto streptavidin-coated beads. After nick repair, the non-biotinylated strand is 
released and used as a single-stranded template DNA library. The DNA library is assessed for 
its quality and the optimal amount needed for the emulsion PCR is determined by titration.
The DNA library was immobilized onto beads. The beads containing a library fragment carry 
a single sstDNA molecule. The bead-bound library was then emulsified with the amplification 
reagents in a water-in-oil mixture. Each bead was captured within its own microreactor where 
the amplification occurs. This results in bead-immobilized, clonally amplified DNA fragments.
Single-stranded template DNA library beads were added to the DNA Bead Incubation Mix 
(containing DNA polymerase) and were layered with Enzyme Beads (containing sulfurylase 
and luciferase) onto a PicoTiterPlate device. The device was centrifuged to deposit the beads 
into the wells. The layer of Enzyme Beads ensures that the DNA beads remain positioned in 
the wells during the sequencing reaction. The bead-deposition process intends to maximize the 
number of wells that contain a single amplified library bead.
The loaded PicoTiterPlate device was placed into the Genome Sequencer FLX Instrument. 
The fluidics sub-system delivered sequencing reagents (containing buffers and nucleotides) 
across the wells of the plate. The four DNA nucleotides were added sequentially in a pre-de-
fined order across the PicoTiterPlate device during a sequencing run. During the nucleotide flow, 
millions of copies of DNA bound to each of the beads are sequenced in parallel. When a nucleo-
tide that is complementary to the template strand is added into a well, the polymerase extends 
the existing DNA strand by adding nucleotides. Addition of one nucleotide, or more generates a 
light signal that is recorded by the CCD camera in the instrument. This technique is based on 
sequencing-by-synthesis and is called pyrosequencing. The signal strength is proportional to 
the number of nucleotides added; e.g. homopolymer stretches, incorporated in a single nucle-
otide flow generate a greater signal than single nucleotide. However, the signal strength for 
homopolymer stretches is linear only up to eight consecutive nucleotides after which the signal 
falls-off rapidly. The data was stored in standard flowgram format (SFF) files for downstream 
analysis.
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II.2.4.5 - Bioinformatics Method (from sub-contractors)
The produced raw data from the 3 runs performed we analysed, isolated and taken together, at 
Fiocruz’s bioinformatics laboratory (BH, Brazil) as described already in Section II.1.3.5 (page 39).
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II.3 – Solexa : Illumina
In March 2008, we decided to collect more sequencing raw data to add to the existent 83.6 
Mb so far accumulated. Although it meant a brute coverage of already 23x, in fact the assem-
bly work using different bioinformatics approaches performed by the FioCruz Brazilian team 
could not close the genome. Too many contigs and too many gaps between them were not yet 
covered.
Two factors explained this fact: the extremely high GC content present in the genome of the 
Desulfovibrio gigas and the relatively poor quality data obtained from the 454 experiments. 
In fact, our experience today (April 214) tells us that the minimum raw data necessary is 1 
Gigabases for a small bacterial genome, with minimum read lengths of 400 bp. By that time 
(2008) we thought that 80Mb of raw data for a genome of 3.6Mb was tremendously high. As an 
alternative to another 454 run, we decided to make a trial on a novel system, known as Solexa, 
which had been recently acquired (2008) and commercialized by Illumina. Since none of the 
members of our consortium had previous experience with this technology, we have contacted 
and subcontracted the HTGU (High Throughput Genomic Unit) of the Washington University, 
USA. A run on their Genome Analyzer (GA) took a month and cost us 3.549,49€, after we sent 
them the biological material (10 μg of gDNA in dry ice). Later on, in 2012 we insisted one more 
time and sent more DNA to the Belgium company Baseclear, Ltd to obtain more sequence raw 
data from another run on their Illumina’s Hiseq 2000.
 
II.3.1 The Illumina’s Genome Analyzer: a brief history of the DNA Sequenc-
ing-by-synthesis
In the mid-1990s, while performing experiment that intended to observe the motion of a 
polymerase at the single molecule level, as it synthesized DNA immobilized to a surface with 
fluorescently labeled nucleotides, Shankar Balasubramanian and David Klenerman, speculat-
ed how the approach that they were using might be used to sequence DNA. In 1997, a new 
concept was born, the concept of using clonal arrays and massively parallel sequencing of short 
reads using solid phase sequencing by reversible terminators. This was subsequently referred 
to as sequencing by synthesis (SBS) as the basis of a new DNA sequencing approach (source 
http://www.illumina.com, adapted).
Balasubramanian and Klenerman obtained initial seed funding to form Solexa in 1998 (from 
Abingworth Management), and in 2001, the team’s research progress attracted £12 million 
of funding. Three years later, Solexa acquired Manteia’s molecular clustering technology. The 
amplification of single DNA molecules into clusters enhanced the fidelity and accuracy of base 
calling, while reducing the cost of the optics on the system through the generation of stronger 
signal (source http://www.illumina.com, adapted).
In 2005, the method was used for sequencing the 5,300-base-pair virus PHIX174 genome, 
the same genome that Sanger first sequenced and also an 180,000-base-pair bacterial artifi-
cial chromosome. Still in 2005, Solexa acquired the Lynx Therapeutics Company in a reverse 
merger, and started to work on the transformation of the Solexa prototype into a commercial 
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sequencing instrument.  The first Solexa sequencer, the Genome Analyzer, launched in 2006, 
had the power to sequence 1 gigabase in a single run. Subsequently, in 2007, Solexa was ac-
quired by Illumina and the technology and instrumentation have now sequenced hundreds of 
microbial, plant, and animal genomes. At the same time this technology kept evolving, through 
refinements and optimization, with the proof being the newest generation of Illumina SBS 
technology-based instruments that can generate over 1 terabase of data per run  (source http://
www.illumina.com, adapted).
In 2009, by the time all previous plant genome sequences have been derived using tradi-
tional Sanger technology, Huang and collaborators took advantage of the long read and clone 
length of Sanger technology and from the high sequencing depth and low unit cost of Illumina 
GA technology to sequence the cucumber genome. They were able to generate a total of 26.5 
gigabases with high-quality, reaching a 72.2-fold genome coverage, with Sanger reads providing 
3.9-fold coverage and the Illumina reads providing 68.3-fold coverage and ranging in length 
from 42 to 53 bp (Huang et al, 2009).
In 21 January 2010, using the Illumina Genome Analyser sequencing technology alone, 
Ruiqiang and co-workers generated, assembled and drafted the genome sequence for the 
giant panda, with an assembled N50 contig size reaching 40 kilobases, and an N50 scaffold 
size of 1.3 megabases. That achievement represented the first fully sequenced genome of the 
family Ursidae and the second of the order Carnivora. They also carried out several analyses 
that included genome content, evolutionary analyses, and investigation of some of the genetic 
features underlying the panda’s unique biology. The demonstration that the next-generation se-
quencing technology allowed accurate de novo assembly of the giant panda genome, promoted 
the construction of reference sequences for other animal and plant genomes in an efficient and 
cost-effective way (Li et al, 2010).
According to market share analysis, almost two thirds of all NGS instruments presently in 
operation have been manufactured by Illumina (Minoche et al, 2011).
II.3.2 The evolution of the Illumina technology
The Illumina sequencing technology has been under constant development, relating to 
instrumentation, signal processing software, and sequencing chemistry, towards the production 
of more data and longer sequencing reads (Minoche, 2011).
At first, Solexa Genome Analyzer output was 1 Gbase per run, but through improvements in 
polymerase, buffer, flowcell, and software, in 2009 the output of GA increased to 20 Gbase per 
run in August (reads of 75 paired ends, also known as “pe”); 30 Gbase per run in October (reads 
of 100pe); and 50 Gbase per run in December (Truseq V3, reads of 150pe) (Liu et al, 2012).
In early 2010, Illumina launched HiSeq series, which used a chemistry that was similar 
to the Illumina GA series but with a two to five-fold increased rate of data acquisition. Also, 
instead of using only one camera, the HiSeq innovated by operating with a four camera system 
that detects the intensities of all four bases simultaneously (Minoche et al, 2011).
Initially it had a 200 Gbase per run output, which was improved to 600 Gbase per run and 
could be finished in 8 days. In 2011 Illumina also launched a bench top sequencer, the MiSeq, 
which shared most technologies with HiSeq, but was especially convenient for amplicon and 
bacterial sample sequencing. It could generate 1.5 Gbase per run in about 10 hours with sam-
ple and library preparation time included. In 2012, the Hiseq2500 was launched and it was able 
to reach 1 Tbase per run (Liu et al, 2012).
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In the ongoing year, 2014, the HiSeq X has been presented by Illumina, which claims a 1.8 
Tbase per run output. (source: Ilumina’s website)
Table 8 - Evolution of the Illumina sequencers from 
2006 to 2014 - commercial and performance characteristics.
II.3.3 The experimental method of sequencing-by-synthesis 
The Illumina system uses a sequencing-by-synthesis approach in which all four nucleotides are 
added simultaneously to the flow cell channels, along with DNA polymerase, for incorporation 
into the oligo-primed cluster fragments. Specifically, the nucleotides carry a base-unique fluores-
cent label, with the 3’-OH group being chemically blocked so that each incorporation becomes a 
unique event. An imaging step follows each base incorporation step, during which the flow cell 
lanes are imaged in three 100-tile segments by the instrument optics at a cluster density per tile 
of 30,000. After each imaging step, the 3’ blocking group is chemically removed to prepare each 
strand for the next incorporation by DNA polymerase. These series of steps continues for a spe-
cific number of cycles, as determined by user-defined instrument settings, which permits discrete 
read lengths of 25–35 bases. A base-calling algorithm assigns sequences and associated quality 
values to each read and a quality checking pipeline evaluates the Illumina data from each run, 
removing poor-quality sequences (figs 19 to 30, from Illumina Website).
Year  2006 2008 2010 2011  2012 2014 




2000 MiSeq  
HiSeq 
2500 HiSeq X  
Average read 
length 
75-100 bp  2 x 150 bp  2 x 100 
bp 
2  250 bp  2  100 bp 2  150 bp
Average error 
rate  Mostly > Q30  
Mostly > 


































50 Gb  85 Gb  600 Gb  1.5 Gb  1000 Gb  
1600 – 
1800 Gb  
Costs per Gb 
of Raw data 
(reagents only)
 $148 $412 
 
 
$502 $300 $150 
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B728a  (Farrer 
et al, 2009)  
Linum 
usitatissimum  






BTV -4 strain 
YTS -4  
(Yang et al, 
2012)  
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Figure 19 – Prepare genomic DNA sample: randomly
fragment genomic DNA and ligate adapters to both ends 
of the fragments.
Figure 20 – Attach DNA to surface: Bind single-stranded 




Figure 21 – Bridge Amplification: Add unlabelled 
nucleotides and enzyme to initiate solid-phase bridge 
amplification.
Figure 22 – Fragments become double stranded: 
The enzyme incorporates nucleotides to build double-stranded 
bridges on the solid-phase substrate.
Figure 23 – Denature the double-stranded molecules: 




Figure 24 – Complete amplification: Several million dense 
clusters of double stranded DNA are generated in each chan-
nel of the flow cell.
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Figure 25 – Determining first base: the first sequencing cycle 
begins by adding four labelled reversible terminators, 
primers and DNA polymerase.
Figure 26 – Image first base: After laser excitation, the emit-
ted fluorescence from each cluster is captured and the first 
base is identified.
Figure 27 – Determining second base: the next cycle 
repeats the incorporation of four labelled reversible termina-
tors, primers and DNA polymerase.
Figure 28 – Image second chemistry cycle: 
After laser excitation, the image is captured as before and 
the second base is recorded.
Figure 29 – Sequencing over multiple chemistry cycles: 
The sequencing are repeated to determine the sequence of 
bases in a fragment, one base at a time.
 
Figure 30 – Align data: the data are aligned and 
compared to a reference, and sequencing differences are 
identified. 
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II.3.3.1 - Subcontracting Washington University and Baseclear Ltd
In the year 2008, we sent 10 µg of D. gigas DNA to the high-throughput unit of the Wash-
ington University, where a run on the Genome Analyzer was performed. Later on, during the 
year 2012, we sent another 2 µg of the D.gigas DNA to our collaborating company in Belgium, 
Baseclear, where a run on the Hiseq 2000 machine was performed. The obtained raw data were 
then sent to the bioinformatics team in Belo Horizonte, Brazil.
Figure 31 – Equipments used for generating raw 
data with Illumna technology, from left to right: the Genome 
Analizer and the Hiseq2000 (source: Illumina inc, adapted).
II.3.3.2 - Raw data processing by the bioinformatics team
The produced raw data from the 2 SBS experiments was analysed, isolated and taken togeth-
er with the raw data from Sanger Sequencing and the raw data from 454 sequencing, at Fiocruz 
bioinformatics laboratory, as described in II.1.3.5 (page 39).
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II.4 - The Ion Torrent from Life technologies for producing BIG DATA on the D. 
gigas genome.
After gathering raw data from three different approaches – Sanger Sequencing, two 454 runs 
and two Illumina runs – we were still unable to close and complete the genome sequence of D. 
gigas. Indeed, a total number of 20 gaps were not yet closed.
Meanwhile, STAB VIDA invested on its own NGS platform, buying the PGM machine from Life 
Technologies, supported on the Ion Torrent methodology, early in the year of 2013. 
By February 2013 we tried our first small genome run at STAB VIDA laboratory located in the 
building of the IMM, Lisbon. The DNA from D. gigas had been prepared in Rodrigues- Pousada’s 
laboratory, in ITQB, Oeiras. We needed a successful experiment since it was essesntial to have D. 
gigas genome in a unic contig, and hoped that the Ion Torrent experiment helped us to close it for 
good. 
 
II.4.1 Analysing the Ion Torrent: a brief history
The Ion Torrent Personal Genome Machine® (PGM™) (Life Technologies Corporation, Grand 
Island, NY, USA) consists of a sequencing approach based on the measurement of the hydrogen 
ion release during deoxynucleotide incorporation. Ion PGM was released by Life Technologies at 
the end of 2010. Until the development of this technology, sequencing was limited by require-
ments of imaging technology, electromagnetic intermediates and specialized nucleotides or 
other reagents. To overcome the previously referred limitations a shift based on a non-optical 
sequencing was pursued (Liu et al, 2012; Dark, 2013).
 In 21st July of 2011, Rothberg and collaborators reported a DNA sequencing technology, 
using an integrated circuit that was able to directly perform non-optical DNA sequencing of 
genomes through scalable and low-cost semiconductor manufacturing techniques (Rothberg et 
al, 2011). Previous attempts to detect both single-nucleotide polymorphisms (SNPs) and DNA 
synthesis as well as sequence DNA electronically had already been made, yet, de novo DNA 
sequence had not been produced, neither the issue of delivering template DNA to the sensors 
or the scaling to large arrays had been addressed. After focusing the development of the ion 
chips, and all the biochemical methods and software needs inherent to de novo DNA sequenc-
ing, the previously encountered limitations were overcome. The performance of the ion chips 
and the overall sequencing platform was demonstrated through whole-genome sequencing of 
three bacterial genomes, Rothberg and collaborators succeeded in the sequencing of all three 
genomes five-fold to ten-fold in individual runs, using the small ion chip, and being able to cover 
96.80% to 99.99% of each genome (Rothberg et al, 2011). The E. coli genome was sequenced 
using three consecutively larger ion chips. Here it is a summary of all these 3 genomes:
• Vibrio fisheri, with a genome size of 4.2 Mb had a 6.2-fold coverage, with 96.80% coverage, 
with a total of 26.0 Mb mapped (1.2M well/chip);
• Rhodopseudomonas palustris, with a genome size of 5.5 Mb had a 6.9-fold coverage and 
99.64% coverage, with a total of 37.8 Mb mapped (1.2M well/chip);
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• Escherichia coli, with a genome size of 4.7Mb, had an 11.3-fold coverage, with 99.99% cover-
age, with a total of 47.6 Mb mapped (1.2M well/chip), 169.9 Mb (6.1M well/chip) and 273.9 Mb 
(11M well/chip).
After the written consent provided by Gordon Moore (the author of “Moore’s law”) to se-
quence and publish his genome and resulting findings, the scalability of the chips architecture 
was demonstrated by using chips with up to 10 times the number of sensors, and producing a 
low coverage sequence of his genome. After 1,601 runs using the 1.2M well ion chip, 267 runs 
using the 6.1M well ion chip and 28 runs using the 11.1M well ion chip, Moore’s genome se-
quence had a 10.6-fold coverage, with 99.21% coverage, with a total of 30.2 Gbases mapped. 
For the first time, ‘post-light’ genome sequencing of bacterial and human genomes had been 
performed (Rothberg et al, 2011). 
In 20th July of 2011, Mellmann and collaborators published a work, referring to an outbreak 
of virulent Shiga toxin (Stx)-producing Escherichia coli (O104:H4), in Germany, that had caused 
over 830 cases of hemolytic uremic syndrome (HUS) and 46 deaths since May 2011. In that 
work they were able to use the Life Technologies Ion Torrent PGM™ sequencer and Optical 
Mapping - a fully automated single molecule system for creating ordered restriction maps di-
rectly from genomic DNA molecules, to perform whole genome sequencing to characterize the 
outbreak isolate (LB226692) and a historic O104:H4 HUS isolate from 2001. Reference guided 
draft assemblies of both strains were completed with the newly introduced PGM™ within 62 
hours and allowed them to rapidly conclude that, though closely related, the outbreak strain 
differs from the 2001 strain in plasmid content and fimbrial genes, allowing them to propose 
a model in which both strains evolved from a common EHEC O104:H4 progenitor (Zhou et al, 
2007; Mellmann et al, 2011).
This outbreak practical case allowed to conclude that rapid next-generation technologies 
facilitate prospective whole genome in a rapid and efficient manner when needed, and as such, 
may become imperative in diagnosis. Life Technologies was so euphoric with this study of the 
outbreak that they claimed that it was a matter of time before their Ion Torrent technology 
would surpass Illumina’s the first mover’s advantage. 
II.4.2 The Ion Torrent Technology
The Ion Torrent, being classified as the first PostLight™ sequencing technology is innovative 
due to the its basis that relies on the creation of a direct interaction between the chemical and 
the digital information, allowing fast, simple and scalable sequencing (Shekhar et al, 2011). The 
Ion PGM uses a semiconductor technology: the principle is that when a nucleotide is incorpo-
rated into the DNA molecules by the polymerase a proton is released as a byproduct and, as 
such, through detections of changes in the pH, the PGM recognizes if the nucleotide was added 
or not (Shekhar et al, 2011; Liu et al, 2012). 
The ideal in simplicity would be to detect synthesis directly, via a transistor-based sensor, 
without the use of labelled nucleotides. The basic concept is related to sequencing-by-synthesis 
with electrochemical detection of synthesis, through its own sensor, which in turn are organized 
into a parallel sensor array on a CMOS chip (Merriman et al, 2012).
DNA fragments with specific adapter sequences are linked and clonally amplified by emulsion 
PCR on the surface of 3µm diameter beads, known as Ion Sphere Particles, and then the tem-
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plate beads are loaded into proton-sensing wells, which are fabricated on a silicon wafer, and 
sequencing is primed from a specific location in the adapter sequence. Each of the four bases 
is introduced sequentially, and therefore, when that specific base is incorporated there will be 
proton release. Beneath the wells there is an ion sensitive layer and beneath that a proprietary 
ion sensor, that allow the consequent detection of the alteration of the pH, with the signal being 
proportional to the number of bases added, without scanning, cameras or light (Sekhar et al, 
2011; Quail et al, 2012).  
Figure 32 - http://www.genomics.cn
The fundamental chemical byproducts of synthesis, in this case generated after polymerase 
incorporation, are the release of pyrophosphate cleaved from the incorporated nucleotide, the 
well-known basis for pyrosequencing, and also the release of a hydrogen ion (H+) from the 3’ 
OH incorporation site on the growing strand. Thus, a sensor capable of detecting H+ would be 
adequate  as a mean of direct detection of nucleotide incorporation. The transistor-based detec-
tion of the H+ is the functional component of widely used solid-state pH meters and as such it 
is a well-established technology. This classical transistor device is known as a pH-sensitive field 
effect transistor (pHFET) (Merriman et al, 2012).
The integrated circuit consists of a large array of sensor elements, each with a single float-
ing gate connected to an underlying ISFET. To ensure sequence confinement 3.5mm diameter 
wells are used, formed by adding a 3-mm-thick dielectric layer over the electronics and etching 
to the sensor plate. The high-speed addressing and readout are accomplished by the semi-con-
ductor electronics integrated with the sensor array, beneath each microwell the Ion-Sensitive 
Field Effect Transistor (ISFET) detects the pH change as a result of each proton release and 
a potential change (DV) is recorded as direct measurement of nucleotide incorporation events. 
Due to the change in voltage with the number of nucleotides incorporated at each step be-
ing scalable, Ion Torrent’s sequencing technology has an inherent capacity of repeating calls 
(Niedringhaus et al, 2011; Rothberg et al, 2011; Hui, 2012). The general approach could certainly 
accommodate a removable terminator chemistry to force no more than a single incorporation 
each time, but the simplest chemistry is to use natural, unmodified nucleotides, which favours 
better enzyme activity, hence long reads, as well as lower cost reagents (Merriman et al, 2012).
The raw voltages need to be changed into base calls, to do so, a signal-processing software 
converts the raw data into measurements of incorporation in each well for each successive 
nucleotide flow using a physical model that takes into consideration diffusion rates, buffering 
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effects and polymerase rates applied to incorporation signals are extracted. 
The signals are corrected for phase and signal loss and corrected base calls are generated 
for each flow in each well to produce the sequencing. Next, each read is sequentially passed 
through two signal-based filters to exclude low-accuracy reads. 
• The first filter measures the fraction of flows in which an incorporation event was meas-
ured. When this value is unusually large (greater than 60% of the first 60 flows) the read is not 
clonal. 
• The second filter measures the extent to which the observed signal values match those pre-
dicted by the phasing model. When there is poor agreement (median absolute difference more 
than 0.06 over the first 60 flows) between the two, it corresponds to higher error rates. 
Finally the quality per-base values are predicted using an adaptation of the Phred method 
quantifying the concordance between the phasing model predictions and the observed signal 
(Rothberg et al, 2011).
Figure 33 - Representation of a well and bead containing 
DNA template, and the underlying sensor and electronics.
II.4.3 The evolution of the Ion Torrent
The fundamental sequencing capacity of the chips is set by the number of sensors present 
in the array, which restricts the maximum number of reads producible per run. To increase 
throughput, the Ion Torrent sequencing chip makes use of a highly dense microwell array in 
which each well acts as an individual DNA polymerization reaction chamber containing a DNA 
polymerase and a sequencing fragment.  Intrinsically, since the fundamental array architecture 
is scalable, this can be increased radically, and this has been undergoing rapid progression on 
successive chips: the 314, 316, 318 chips provided 1.2, 6.3, and 11.3 million (M) fluid address-
able wells on the, respectively, and the Proton I and Proton II chips, have 165 and 660 M 
fabricated wells respectively (Niedringhaus et al, 2011; Merriman et al, 2012). Ultimately, Ion 
Torrent seeks to “democratize” sequencing by offering the first reasonably priced ($50K) bench-
top-scale, high-throughput sequencing machine (Niedringhaus et al, 2011).
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Figure 34 – Chip scaling. This figure shows the Moore’s Law style scaling of successive chip generations. Column (A) is the chip 
name, column (B) is the number of fluidic addressable wells/sensors on the chip (in millions), with the total number of wells/sen-
sors fabricated on the chip in parentheses, column (C) is an image of the packaged chip, column (D) shows the relative size of the 
unpackaged, cut CMOS die, and of the sensor array area within the chip, and column (E) shows electron micrographs of sections 
through the sensor array (individual microwells and underlying electronics visible), with all images shown to scale across the 
chip series. (Merriman et al, 2012).
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II.4.4 The experimental work performed
After receiving 2 µg of genomic DNA of D. gigas extracted and purified at ITQB, STABVIDA’s 
laboratory did the wetlab experimental protocol. The work flow consisted of four major steps: 
library construction, template preparation, sequencing and analysis.
II.4.4.1 - Wetlab phase of the work
The first step in the workflow was to generate a library of DNA fragments flanked by the Ion 
Torrent adapters. This was done by ligating the adapters to the PCR products. As fairly stand-
ard the DNA was fragmented it to a uniform size (generally 200-400b) and then the sequence 
adapters were added.
The library fragments were then clonally amplified onto the Ion Sphere™ particles. The 
fragments generated during the library preparation were attached to beads and amplified using 
emulsion PCR (emPCR). Beads coated with complementary primers were mixed with a dilute 
aqueous solution containing the fragments to be sequenced along with the necessary PCR rea-
gents. At that point the solution was mixed with oil to form an emulsion of microdroplets. The 
concentration of beads and fragments needed to be kept low enough such that each microdrop-
let contains only one of each. Clonal amplification of each fragment was then performed within 
the microdroplets. Following amplification the emulsion was ‘broken’ (by organic extraction and 
centrifugation) and the amplified beads were enriched in a glycerol gradient (with the unampli-
fied beads becoming pelleted).
The Ion Sphere™ particles coated with template were then applied and deposited in the Ion 
chip wells by a short centrifugation step and afterwards the chip was placed on the PGM. As 
previously described what really differentiates Ion Torrent’s systems is the sequencing technol-
ogy. It is based on the standard pyrosequencing chemistry, a form of ‘sequencing by synthesis’ 
whereby individual bases are introduced one at a time and incorporated by DNA polymerase. 
However, unlike other platforms based on pyrosequencing, rather than measuring light released 
from chemiluminescent reagents, the Ion Torrent system measures the direct release of H+ 
(protons) from the reaction. 
II.4.4.2 - Bioinformatics on the produced raw data
As the Ion Torrent systems generate standard output files like FASTQ, data analysis is 
generally straightforward. The analysis was performed by at Fiocruz Institute (Belo Horizonte, 
Brazil)who added this data to the previous gathered data and has performed the assembly as 
described in II.1.3.5 . 
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II.5 Results and discussion
This next section summarizes the overall results of the raw data of DNA sequences obtained 
from the 4 methods described before: Sanger, 454 Pyrosequencing, Sequencing-by-synthesis 
(Illumina) and Ion Torrent (Life Technologies).
The discussion refers mainly to the technological approaches, and not on the assembly and 
annotation of such raw data and genomic information of D. gigas, which is further presented in 
chapter IV.
II.5.1 - Comparison of the obtained raw data
During 8 years, from 2006 till 2014, a total of 1.5 Gb of DNA base pairs were gathered, from 
a bit more than 23 million reads of DNA sequences. As the project was advancing, new tech-
nological approaches were being adopted by DNA laboratories, and we must say that we have 
tried all of them.
From 23 thousand capillary electrophoresis reads, we reached 20 million reads from Illumi-
na’s platforms Genome Analyser and Hiseq 2000. All this data was used for assembling the 
genome bioinformatics team at Fiocruz laboratory, at Belo Horizonte, Brazil. From each new 
experiments, the raw data was being sent to this team, but the number of contigs was still high, 
until the very last experiment where another 360Mb of DNA data closed all gaps and gave us 
the two expected contigs: one for the bacterial chromosome, and the other for the bacterial 
plasmid. These results are presented and discussed in Chapter IV. Table 9 summarizes the raw 
data numbers:
Table 9 : A summary of all raw data that were obtained during 8 years, 
necessary for closing the genome of Desulfovibrio gigas. A total of 1.5 Gb was obtained 
and an average coverage of 415.7 for each base of the DNA of D. gigas was 
necessary in order to assemble and close the bacteria’s genome.
Total number 
of reads





for the expected 












cumulative to the 
above Sanger reads)




(Roche) – 1st Trial
459,801 96 46 12.8 Keygene (Nl)
454 pyrosequencing 
(Roche) – 2nd  trial
275,549 96 26.5 7.4 Biocant (Pt)
SBS – Solexa trial – 
Genome Analyzer
2,390,015 32 76.5 21.2
High-throughput 
unit of Washington 
University (USA)
SBS – Illmunina 
Hiseq 2000 17,777,675
54 959.9 266 Baseclear (NL)
Ion Torrent – 
PGM Life Technologies
2,085,311 174 362.8 100 STAB VIDA (Pt)
Total for completing 
the genome of D. gigas
23,012,310 (from 30 to 
1038 bp)
1,496.6 415.7
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II.5.2 – Discussion of the Pyrosequencing: the End of 454
Our experience with 454 technology proved that it was not yet ready to replace Sanger se-
quencing method for de novo assembly of genomes, when we performed the experiments. The 
key issues were still short read lengths by that time of year 2009 (100 bp on average), the lack 
of paired end reads, and the lack of accuracy of individual reads, particularly in regions where 
homopolymers were observed. Besides, short read lengths made it impossible to span repetitive 
genomic elements. In addition, the lack of paired end reads information for each DNA fragment 
limited assembly to contigs separated by coverage gaps or repetitive elements, such that larger 
scaffolds are required for high-quality draft sequence and gap closure was difficult to achieve. 
Given these limitations, we have found that, for de novo genome sequencing, the 454 platform 
was better when used as a complement to, rather than a replacement of, the Sanger sequenc-
ing methods. 
We were also able to realize that massive-sequencing methods cut DNA into much shorter 
snippets (in this case, 250 bases) for decoding than the old method used by us for the Sanger 
library construction. Shorter snippets make not only reassembly technically more challenging 
but also result in harder probing of areas of the genome that have large repeating sequences. 
Used together, the two technologies could improve the efficiency of whole-genome sequenc-
ing. However the 454 technology on its own was not seen as a replacement for the older tech-
nology. By the year of 2010, the combination of both available raw data (Sanger and 454) was 
still not enough to close and solve the full D. gigas genome. In 2014, we used the two 454 raw 
data first isolated and then taken together, in order to assess its usefulness.
When first introduced, 454 equipment was a highly disruptive innovation: a vastly more expen-
sive instrument running on highly cost consumables (we paid 40.000 € for the 3 runs of 454, by 
that time of 2007, substantially increasing the cost of this genome) and it generated short (at 
most 100 bp) reads of inferior quality. The advantage was the massive number of such reads 
per run in a relatively short time.
The problems started when Solexa showed up and positioned itself as an alternative to 454, 
especially when it was bought by Illumina. Although at the beginning the average read length 
of Solexa was only 25 bp, every time a new chemistry was developed and released to the users, 
the read length increased. Roche 454 was losing competitiveness in specific applications, until 
all of them were tagged by the competitor. 
When I started to write of this thesis on the 4th trimester of 2013, I received an e-newsletter 
where Roche announced that they were planning to shut down the 454 sequencing business in 
mid-2016.
The quitting of 454 and NGS market came only after several attempts to stay in the race:
 - in 2010 Roche forged alliances with IBM and DNA Electronics, but these alliance did 
not resist long time;
 - in early 2012, Roche made an hostile bid for Illumina Inc that eventually reached a 
price tag of $6.7 billion (around 5000 million of euros) – a bid that was rejected by Illumina, for 
the surprise of many (including myself).
In fact, Roche could always claim its 2 key advantages: fast sequencing and comparatively 
long read length (from the initial average of 100 bp, 454 could lately produce average reads 
of 1000 bp – a 10x improvement!).The two major disadvantages were not solved out in time: 
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expensive machines and high cost per base. Thus, the advantages shaded out when Illumina re-
leased its 300 bp chemistry and even Life Sciences, a new kid on the block (actually, a very old 
kid that arrived very late) was getting average 400 bp read length on its Ion Torrent platform. 
II.5.3 – Discussion of the Illumina Sequencing
Existing studies reporting Illumina’s data evaluation discovered several biases, that is, 
non-random distribution of the reads in the sequenced sample over the reference, reported for 
the Genome Analyzer I (GA), and a non-random distribution of errors reported for the Genome 
Analyzer II (GAIIx) (Minoche et al, 2011).
The sequencing strategy generates short reads with the most common error type being sub-
stitutions. The base-call error rate increases with read length owing to ‘dephasing noise’. Fur-
thermore, over-representation of GC-rich regions and under-representation of AT-rich regions 
have been described (Su et al, 2011).
Preferences of certain substitution errors and sequence context are also described as for 
example, wrong base calls frequently preceded by base G, frequencies of base substitutions 
varying by 10- to 11-fold, with A to C conversions being the most frequent error. These errors 
can give rise to false positive or wrong consensus sequences as such might have profound 
implications on the interpretation the results. Indeed a non-random read distribution can bias 
profiling of transcripts hampering the detection of sequence polymorphisms in regions of low 
sequence coverage (Minoche et al, 2011).
The Sequence-specific Errors (SSE) are a potential cause of false single-nucleotide polymor-
phism (SNP) calls and significantly obstructs de novo assembly. Various researchers agree that 
the quality of the Illumina sequencer reads are significantly lower in the later cycles, with qual-
ity decreasing noticeably after 50 cycles. It is possible that it will become more prone to SSE 
that can be defined as the positions where sequence-specific interference of base elongation in 
the cyclic reversible termination induces a drastic lowering of base call quality. It will therefore 
increase the probability of miscalls triggered by two major sequence patterns (Nakamura et al, 
2011, Liu et al, 2012):
 - inverted repeats
 - GGC sequences 
Sequencing on the HiSeq or MiSeq instruments requires heterogeneous base composition 
across the population of imaged clusters. In order to sequence monotemplates, it becomes 
necessary to significantly dilute or mix the sample with a complex genomic library to enable 
registration of clusters. And it’s also referred that many times pooling of large numbers of sam-
ples is required to achieve lowest costs (Liu et al, 2012; Quail et al, 2012).
Illumina sequencing has matured to the point where many applications have been developed 
on the platform exhibiting the astonishing sequence throughput as a major advantage this is , 
contributing to a substantial informatics challenges that allowed the development of an entire 
generation of novel algorithms such as Maq, BWA, Novoalign, Bowtie, among others, aiming 
at addressing the analysis challenges of Illumina sequencing. The Illumina is featuring a very 
large output and very low reagent cost (Liu et al, 2012; Koboldt et al, 2013).
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II.5.4 - About the Ion Torrent
One of the main problems associated with the Ion Torrent technology is the biased coverage on 
extremely AT-rich sequences, opposing to what happens in CG-rich residues which yield an accu-
rate coverage. Also, techniques involving manipulation on flow cell, such as FRT-seq and OS-Seq 
will be impossible using semiconductor techniques. The low average fragment length (100 – 200 
bp) also makes de novo assembling harder and probably less accurate (Quail et al, 2012).  
When referring to sequence quality, Yergeau and collaborators, in a study on 2012, consider 
the Ion Torrent very stable, accurate and useful to microbiology studies, since they obtained al-
most interchangeable results between the 454 and the Ion Torrent, The Ion torrent is standing 
out due to its low cost and rapid output. The Illumina HiSeq 2500 (high throughput) stands out 
to be more accurate, with over 80% above Q30, and yielding around 600Gb per run. Neverthe-
less in order to generate such data the run time is over 250 hours and the mean read length of 
2x100 bp. When considering the Illumina MiSeq although the reported accuracy is similar, only 
27 hours are needed, to generate around 8 Gb with a mean read length of 2x250. Opposing to 
the Illumina equipment, the Ion Torrent despite being able to generate less information, from 
30 Mb to 2 Gb, the time needed to yield such result is between 2.3 to 7.3 hours, with a report-
ed accuracy of over 90% above Q20 and mean read length of 200-400 bp. Both technologies 
require a very low amount of starting material, around 100 µg (Dark, 2013).
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II.5.5 – As a final summary
Table 9 summarizes the today’s landscape of NGS technologies, and gives a glance on the 
near-future ones. Depending on the application, there is a more suitable technology, or a combi-
nation of two (or more), that should be used in order to get the best results. 
The quality of the produced raw data, the error rate and the price have differences, and what 
is valid today will most likely not be true in the years to come.
Massive sequencing is here to stay. When this genome adventure started, sequencing a gene 
could take one full year of hard work.. At present, DNA can facilities and private genomic com-
panies, like STABVIDA, are able to perform, in average, one genome each week.
 
Table 10 - Overview of second generation sequencing machines 
(TBA means “to be announced”) 
As of today, the biggest competition in NGS technologies seems to be between Illumina Inc and 
Life Sciences Inc (recently bought by Thermo Inc), but it seems that much more is yet to come.
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Figure 35 – Number of desktop sequencing instruments placed. 
The Ion Torrent has slightly larger market share of desktop 
instruments placed. However, it’s estimated that desktop se-
quencing represents less than 30% of the total next generation 
sequencing spend today as high-throughput instruments like 
Illumina’s Hi-Seq remain the sequencing workhorses.
 
Figure 36 – High-throughput revenues of consumables spend 
in 2013.
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Chapter III - In-house Bioinformatics analysis of all raw datas ob-
tained by 4 different sequencing methods: 
Sanger, 454, Illumina and Ion Torrent
Preface
Biology faces a new renaissance era, by adopting the BIG DATA on its research, and integrat-
ing it into scientific knowledge. For such, bioinformatics is the new science that bridges both the 
BIG DATA and the knowledge from biological research.
Many were the questions arising from the project of sequencing the full genome of Desulfo-
vibrio gigas: why we thought initially that a 7-10x coverage was enough and ended up with the 
need of almost 500x coverage? Which technological platform performed better, so that we can 
choose better in future projects? How do we link our knowledge of the biology of D. gigas, with 
the needed knowledge on its DNA sequence?
By adding the 4 types of raw data (Sanger, 454, Illumina and Ion Torrent), was used as ref-
erence genome in the exercise of mapping the data against reference, the assembled genome 
of D. gigas, deposited in NCBI database by Rodrigues-Pousada in 2013 (ref CP006585 and 
CP006586).
Acknowledgments: Besides the author, important contributions for this chapter came from 
STABVIDA’s bioinformatics team, namely Paulo Oliveira and Magda Lewinska.
“The roots of education are bitter, but the fruit is sweet”
Aristotle
 On the Road of Sequencing the Genomes72 
III.1 - Choice of parameters for replicating the De novo assembly of D.gigas genome
CLC genomics software was used to assemble the raw data obtained from all sequencing 
platforms. CLC Genomics Workbench, developed by CLC Bio can be described as a compre-
hensive and user-friendly analysis package for analysing, comparing, and visualizing sequencing 
data. This software allowed a contig assembly, as efficiently as possible. After some tries, for 
this de novo assembly, the parameters set for running the software were:
Table 11 - Parameters set for the de novo assembly 
on CLC for each of the different origins of raw data.
Mapping mode  
"Map reads to contigs" tool creates a de novo  

















Update Contigs  
The contigs generated by the de novo  assembly 
are used as references that the  reads used for the 
assembly input are mapped back to  
 
Yes 
Minimum contig length  Contigs below this length will not be reported.  
 
900 
Perform scaffolding  
Estimation of gap regions between contigs, with 
contigs in the same scaffold being outputted as 
one large contig with Ns between them  
 
Yes 
Auto-detect paired distances  




Mismatch cost  The cost of a mismatch between the read and the 
reference sequence.  
 
2 
Insertion cost The cost of an insertion in the read (causing a gap 
in the reference sequence)  
 
3 
Deletion cost  The cost of having a gap in the read.  
 
3 
Length fraction  Minimum length fraction of a read that must match 
the reference sequence.  
 
0.8 
Similarity fraction Minimum fraction of identity between the read and 
the reference sequence.  
 
0.8 
Create list of un -mapped reads  Creates a list of un -mapped reads  Yes 
Word size (bp) Length of the sub -sequences used to create the 




Bubble Size  
Length of the bifurcation in the Bruijn graphs 
where a path furcates into two nodes and then 
merge back into one  
 
611 
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III.2 - Choice of parameters for mapping all the reads of each raw data, against 
the reference genome of D. gigas. 
The raw data obtained from all sequencing platforms and shotgun method was used for a 
“re-sequencing” exercise, in order to evaluate how complete (or incomplete) was each of the 
mentioned raw data. Although this raw datas were obtained in the years 2005 til 2013, and the 
D. gigas complete genome was deposited in the NCBI database on the year 2013, this task per-
formed in early 2014, gave us an idea, a posteriori, of the performance of each of the sequencing 
methodologies.
Reference: Desulfovibrio gigas DSM 1382 =ATCC 19364   Year 2013
NCBI reference:  CP006585 - chromosome (length 3,693,999 bp)
   CP006586 – plasmid (length 102,023 bp)
The obtained contigs from each of the different raw data were mapped against the referred 
deposited genome of D. gigas using the CLC Genomics Workbench, developed by CLC Bio. The 
following parameters were identified as the most efficient, and consequently the analysis was 
performed using them: 
Table 12 - Parameters set for the mapping to reference
on CLC for each of the different origins of raw data.
Masking mode  Mechanism where parts of the 
reference sequence are not 
considered in the mapping.  
 
No masking  
Mismatch cost  The cost of a mismatch 
between the read and the 
reference sequence.  
 
2 
Insertion cost The cost of an insertion in the 
read (causing a gap in the 
reference sequence).  
 
3 




Length fraction  Minimum length fraction of a 
read that must match the 
reference sequence.  
 
0.8 
Similarity fraction Minimum fraction of identity 
between the read and the 
reference sequence.  
 
0.8 
Global alignment  Mapping is done with  local 




Non -specific match 
handling  
Non -specific match reads will 




Output mode  The read mapping can either 
be stored as a track or as a 
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III.3 Raw data obtained from all sanger reads, before and after trimming
In the next section, what is presented is a description of the raw data consisting of 23,959 
sequencing reads obtained from the equipment’s ABI 3700, 3100 and 3730xl. The raw data is 
presented for the two libraries and for primer walking reads, as summarized in Table 13. The 
most striking result is the reduction on the reads average size, due to trimming process (getting 
rid of non-sense sequence) from 1000 bp on average to 600 bp.
Table 13 – Description of the raw data before and after 
trimming for the libraries obtained with Sanger Sequencing.
Overall, 22,536 high quality reads (i.e. after trimming), with an average size of 603 bp, consti-
tute the trimmed raw data obtained from Sanger Sequencing method. Taking into account the 
size of 3.6 Mb, this would represent an average coverage of x3.8 times the genome, as illustrat-
ed by Table 14. 
Table 14 – Number and Size of reads after trimming 
and expected coverage and genome size.
Description First Library Second Library Primer Walking
Clones obtained from the 1st
libraries
15,940 6,917 1,102
Average read length (bp) 1,038 1,025 1,007
Average trimmed read length 
(bp)
621 597 385
Number of not trimmed reads 0 0 0  
Number of reads after 
trimming
15,522 6,056 958
Successful (%) 97.38% 87.55% 86.93%
Total number of high quality 
reads
22,536
Average size of reads (bp) 603
Total number of bases 13,598,222
Expected genome size (Mb) 3.6
Average coverage 3.8
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Figure 37 shows the results of the trimming data process. An ambiguity trimming that only 
allowed the presence of 4 ambiguous nucleotides was performed. As it is visible, there occurs 
a significant reduction of the read lengths, with the longest reads being reduced to half of its 
initial length. Within a total of 23,959 inputted reads, 20,658 were trimmed; 3,301 weren’t 
trimmed and there were no discarded reads.
 
Figure 37 –Representation of the Library 1 read length
before and after performing the chosen trimming (graphics produced by CLC genomics software).
 
III.3.1 Results of the de novo assembly of D. gigas genome using CLC genomics 
software
The next two tables (Table 15 and 16) present the results of the de novo assembly, where 
contig assembly was done by using 23,959 high quality Sanger reads, that resulted in 967 
contigs by the CLC method. The main highlighted results are the 21% reads that could not be 
integrated in any contig and the very low percentage of genome covered (only 44%), obtained 
with CLC Genomics Workbench.
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Table 15 – D. gigas genome general outcome obtained after 
performing the de novo assembly using the raw data from Sanger Sequencing
The next table summarizes the calculated lengths, in bp, of the biggest contigs until 75% 
(N75), 50% (N50) and 25% (N25) respectively are reached, being the represented value indica-
tive of the smallest contig used to reach the respective percentage. Minimum, maximum and 
average contig size is also represented. As can be seen, the size of the obtained contigs is very 
small, being the average contig length of 1.7Kb (when the reads, per se, are 600 bp after trim-
ming). The maximum length contig obtained by our assembling method, out of an initial num-
ber of >22,000 high quality reads, was 9.5 Kb. No wonder that only 44% of the genome was 
covered. On average, the contig length was very low, indicating that the Sanger raw data was 
highly insufficient despite the almost 25.000 sequencing reactions produced.
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Figure 38 – Graphical representation of the accumulated 
contig length.
Fig.38 summarizes the contig length, represented in the y-axis and the number of contigs, 
represented in the x-axis. This accumulated contig length curve is obtained from the analysis of 
the de novo assembly. As mentioned above, the de novo assembly only yielded coverage of 44% 
of the whole D. gigas genome, this is also visible in this figure where an accumulated contig 
length of approximately 1700 kb from the total is obtained with 967 contigs, contrasting with 
the 3700 kb of the complete genome. The shape of the graphic (almost linear) is indicative of 




Figure 39 – Distribution of the matched read length. 
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Fig.39 shows that sequences with length ranging from approximately 780 bp to 920 bp are 
visibly the more matched than lower, which is in accordance with the previously represented 
distribution of read length since the number of reads with length over 700 bp was higher, and 
the 800-819 bp peak was also present.
 
Figure 40 - Distribution of the unmatched read length.
Fig.40 shows that there were many unmatched reads to the genome of D. gigas, sequences 
with length ranging from approximately 780 bp to 920 bp and sequences with length under 40 
bp are visibly the more unmatched than lower. It should be noted that in the total read distribu-
tion, the length over 700 bp was also higher, and the 800-819 bp peak was also present.
III.3.2.- Results obtained by mapping the high quality Sanger reads against the D. 
gigas genome
This exercise of re-sequencing a posteriori using our raw data and map it against the reference 
genome published by ourselves (Morais-Silva et al, 2014), gives us a very good idea of the qual-
ity of the original reads. Mostly, after mapping our Sanger raw data covers 85% of the genome 
and 65% of the plasmidic DNA, allowing the conclusion that, either the plasmidic DNA is under 
represented in the cloning process for the library construction, or its fragments are less viable 
(e.g. toxic) for the hosting E.coli bacteria used for the library construction. 
Table 17 – General outcome obtained after the mapping of 
the high quality reads vs the reference genome. 
% of mapped 
reads
% of unmapped 
reads




chromosome 62,26% 37,74% 85% 2.75
Plasmid 0.88% 99,12% 65% 1.40
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As described in the tasks, for the mapping we excluded all the reads that have more than 
20% difference when comparing to the reference genome, and this results in the exclusion of, 
roughly, 38% of the reads. But even if this high number of reads is excluded, the remaining still 
map in 85% of the reference genome, at an average cover per base of only 2.75 times. This 
allows the conclusion that the libraries had other fragments besides D. gigas DNA, but that the 
right clones had extremely high quality and representation all over the genome.
 
 
Figure 41 – Distribution of the unmapped read length
 
Figure 42 – Distribution of the Mapped read length 
Figs 41 and 42 also show us that the reads that are mostly unmatched are the ones with 
smaller length, while the mapped reads are mostly the reads with lengths between 750 and 
900 bp, allowing the conclusion that smaller reads have less quality and, proportionally higher 
concentration of the DNA non-specific constructs.
 
Figure 43 – Distribution of the coverage within 3 standard 
deviation from the mean obtained after the mapping to 
reference.
Figure 44 - Nucleotide mapping relative errors – 
Representation of the most often found substitutions for each 
type of base or gap in the reference sequence. 
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Fig.43 shows that most of the covered positions have a 1 – 4 coverage. Approximately 
500,000 positions (495,388) have 0 coverage. 2,889 positions have coverage above 19 (not 
shown in the graph).
Fig 44 shows that Cs and Gs are more often substituted by a gap in the reference sequence 
(with more than 1% difference when compared with As and Ts). This is in accordance with the 
increasing error rate for genomes with high CG content. It should be noted that only mismatch-
es are plotted, the matches are not included. The rate of mistaken insertions in the individual 
reads was extremely high, comparatively, especially the insertion of C’s and G’s.
As a conclusion, we can say that the Sanger raw data was insufficient, and mostly concen-
trating in specific zones where the library method produced more clones.
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III.4 - Analysing the DNA sequencing raw data obtained by the 454 platform. De 
novo assembly
In order to be able to assemble the data obtained, the CLC Genomics Workbench was used 
the two major experiments performed in the 454 Pyrosequencing platform produced 26,5 and 
46 Megabases of sequence data from genomic DNA of D. gigas.
The results obtained can be summarized as follows:
Table 18 – Results obtained after the trimming of the raw data.
The raw data obtained in Biocant had less quality and fewer number of reads inserted into 
contigs. The raw data from Biocant, if isolated, gave a huge number of 4,421 contigs after as-
sembly, while the Keygene run, per se, gave “only” 1,124 contigs, just a bit more than the whole 
raw data from Sanger. Taken together the number of contigs lowered to 568, with an average 
contig size of 6.5 Kb.
Table 19 – Results of de novo assembly obtained from the two individual 
sequencing runs on 454 platform, performed by the subcontracted companies,
Biocant and keygene.
Raw data & trimming
Biocant (subcontractor) Keygene (subcontractor) Taken together
Number of reads 275,549 459,801 735,350
Average read length (bp) 96.7 96.2 96.4
Average trimmed read length (bp) 93.88
Number of not trimmed reads 489,395
Number of reads after trimming 735,35 0 
Successful (%) 100%
Total Mbases 26.5 46 73
Outcome of the 2 raw data from 454 runs
Biocant Keygene Taken together
“Reads” insert in 267,556 449 904 705,439
Number of “contigs” 4 421 1 124 568
Number of bases 3 628 162 3,742 552 3,699,903
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Table 20 – Assembly performed with the CLC bio relevant data. 
In table 20 it is summarized the calculated lengths of the biggest contigs for covering 75% of 
the genome, 50% and 25% of the complete genome, respectively, are reached, being the repre-
sented value indicative of the smallest contig used to reach the respective percentage. Mini-
mum, maximum and average contig size is also represented. Finally the number of contigs and 
number of bases obtained after the assembling process. The biggest contig after assembly had 
a size of 46 Kb approximately.
 
Figure 45 - Graphical representation of the accumulated contig length.
Figure 45 shows that the de novo assembly yielded a coverage of 99% of the whole D. gigas 
genome and shows that most of the assembly of the genome needs “only” 400 contigs. Sum-
marized contig length is represented in the y-axis and the number of contigs is represented in 









Number of contigs 568
Number of bases 3,699,903
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Figure 46 - Distribution of the matched read length.
The figure 46 shows that sequences with length ranging from approximately 80 bp to 105 bp 
are visibly the more matched than lower, which is in accordance with the previously represented 
distribution of read length.
Figure 47 - Distribution of the unmatched read length – 
The figure 47 shows that, in proportion, the most unmatched reads are the lowest length 
ones, suggesting that these short reads are in higher proportion and are the result of errors 
created by the sequencing method.
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III.4.1 Results obtained by mapping the 454 contigs against the D. gigas reference 
genome
In order to evaluate the quality of the reads from the raw data obtained by the 454 meth-
od, we decided to map, a posteriori, this raw data against the completed sequence of D. gigas, 
deposited by us at NCBI. The main findings were that only 3.5% of the raw data did not match 
the chromosome, out of which 2.21% matched the plasmid and, with 454 data, we covered 96% 
of the genome, 17 times on average each base.
This led to the conclusion that 4% of the genome was not represented in the 454 library. This 
could be related to the DNA characteristics of this non-represented portion of the genome.
Table 21– General outcome of the CLCbio de novo assembly,
from the two 454 raw data taken together.
This allows the conclusion that the library preparation method had extremely high quality and 
representation. Moreover since 1.29% of the reads did not match either in the plasmid or in the 
chromosome, one can infer that error rate associated with the method is no bigger than 1.29%.
 










chromosome 96.5% 3.50% 96% 17.27
plasmid 2.21% 97.79% 96% 14.96
Figure 48 – Distribution of the mapped read length. Figure 49 – Distribution of the unmapped read length. 
The figs 48 and 49 also show us that the reads that are mostly unmatched are the ones with 
smaller length, while the mapped reads are, in proportion, the reads with 100bp. This allows 
the conclusion that smaller reads have less quality, and are, probably, generated dummy reads 
from the reading method or mistakes of the library preparation.




Figure 50 - Distribution of the coverage within 3 standard 
deviation from the mean obtained after the mapping to reference. 
The fig 50 shows that most of the covered positions have a 10 to 25 coverage. Approximate-
ly 110,000 positions had 0 coverage corresponding to the gaps between the contigs.  While 
17,589 positions had coverage above 40 (not shown in the graph). This means that 110Kb of the 
genome could not be represented in the library, and that, on average, each unfilled gap had a 
mean size of 200bp between contigs.
 
Figure 51 - Nucleotide mapping relative errors – 
Representation of the most often found substitutions
for each type of base or gap in the reference sequence.
The fig 51 shows Cs and Gs are more often substituted by a gap in the reference sequence 
than. As and Ts (the difference is very slight, around 0.1%). It should be noted that only mis-
matches are plotted, the matches are not included. Comparing to Sanger reads, this 454 
method deletes more C’s and G’s, most probably in homopolymeric regions. On opposite, the 
mistaken inserted bases happen with less frequency and at the same rate for all nucleotides. 
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III.5 - Analysing the raw data from D. gigas sequencing on the Illumina platform 
for the de novo assembly of its genome
On overall using the Illumina platform, by subcontracting Washington University and Base-
clear, we got more than 20 million reads of 51 bp on average, making a total of 1 Gbases of raw 
data. For trimming this data, since the quality of the reads (Phred score) was overall high in the 
raw data, the parameters defined were allowing only 3 ambiguous nucleotides and a maximum 
of 10 bases with Phred score under 20 with this 1bp of raw data, de novo assembly results in 
only 130 contigs (tables 22 and 23). 
Table 22 - Results obtained after the trimming of the raw data
 Table 23 – Assembly performed with the CLCbio relevant data.
Raw data & trimming
Number of reads 20,1 67,690
Average read length (bp) 51.0
Average trimmed read length (bp) 50.9
Number of not trimmed reads 19,767,012










Number of contigs 130
Number of bases 3,759, 314
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Table 23 summarizes the calculated lengths of the biggest contigs until 75%, 50% and 25% 
respectively are reached, being the represented value as an indication of the smallest contig used 
to reach the respective percentage. Minimum, maximum and average contig size is also represent-
ed. Finally the number of contigs and number of bases obtained after the assembling process. The 
biggest contig after assembly had a size of approximately 200 Kb. Up to 75% of full coverage of 
the genome was reached, where the smallest contig had a size of 35 Kb approximatively.
Figure 52 - Graphical representation of the accumulated 
contig lengths including and excluding scaffold regions,
The fig 52 shows a summarized representation of contig length in the y-axis and the number 
of contigs in the x-axis. This accumulated contig length curves are obtained from the analysis of 
the de novo assembly. The blue line represents the accumulated contig length when performing 
scaffolding and the black line represents the accumulated contig length without the scaffolding 




Figure 53 - Distribution of the matched read length - 
as visible the matched read length distribution is similar 
to the previously represented distribution of read length
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Figure 54 - Distribution of the unmatched read length 
 
Figures 53 and 54 show that most of the assembly uses 50 bp reads, which are in great 
majority. The 250,000 reads out of 20 million reads were discarded and were not used in the de 
novo assembly.
 
III.5.1 Results obtained by mapping the Illumina raw data against the D. gigas 
reference genome
The a posteriori mapping of the reads against the genome gave an average coverage of 260-
fold, 98% of the whole genome covered and 3.76% of reads unmapped. This is an evidence of 
an error rate of a maximum of 3.5% of the method, but also a good evidence of a widespread 
representation of most of the genome in the produced DNA library.












chromosome 96.3% 3.76% 98% 263.4
plasmid 2,66% 97,34% 96% 264.3
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 Figure 55 - Distribution of the coverage within 
3 standard deviation from the mean obtained 
after the mapping to reference.
Fig 55 displays the findings that, out of 3,6 Kb of the genome, 3,578,999 positions have cov-
erage between 21 and 505; 85,800 positions have coverage below 21 (not shown in graph) and 
29,200 positions have coverage above 505 (not shown in graph). In conclusion, 85 Kb of the 
genome is less properly represented in the library, while 30 Kb of the DNA was super represent-
ed and highly represented in the sequencing, which could represent the sum of all repetitive 
elements throughout the genomic DNA.
Figure 56 - Nucleotide mapping relative error count
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Fig 56 shows a representation of the mismatches for each type of base or indels when com-
paring to the reference sequence. In the figure it’s visible that the overall error rate is very low, 
Mistaken insertions occur at a low frequency rate but still higher in proportion for Cs and Gs. 
Deletions are very rare and mismatches occur more frequently for A’s and T’s than for C’s and 
G’s. It should be noted that only mismatches are plotted, the matches are not included.
III.6 - Analysing the sequencing raw data obtained with the Ion torrent platform - 
de novo assembly
The raw data from this experiment consisted of 2,085,311 reads, with an average size of 175 
bp. Overall, the experiment gave an additional 360 Mbases to help completing the D. gigas 
genome. These results are illustrated in Table 25 and Fig. 55. 
The trimming parameters are important to the subsequent steps, the quality of the reads 
influences the mapping and assembly steps. The trimming parameters defined allowed a max-
imum of 3 ambiguous nucleotides and a subsequent trim that removed sequences with less 
than 12 nucleotides. After trimming, the higher quality raw data consisted of 1,977,262 reads 
with an average size of 163 bp, making it a total of approximately 322 Mbase of high quality 
DNA sequences.
Table 25 - Results obtained after the trimming of the raw 
data obtained on the PGM machine (Ion Torrent technology) 
at STAB VIDA from D. gigas DNA.
 
 
Raw data & trimming from Ion Torrent run
Average read length (bp) 174
Average trimmed read length (bp) 163
Number of not trimmed reads 624,942
Number of reads before trimming 2,085,311 
Number of reads after trimming 1,977,262
Successful (%) 94.84%
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Figure 57 - Distribution of the read length before and after the trimming.
The de novo assembling of the Ion Torrent raw data after trimming resulted in a total of 923 
contigs, with an average size of 3.6 Kb each, and an average coverage per base of 75 times. 15% 
of the genome was not covered. These numbers are shown in the next table. These results, 
when compared to previous experiments, are in the same order of number of contigs but with 
higher coverage. The lengths of the biggest contigs to reach 75%, 50% and 25% respectively are 
represented in Table 26.  The biggest contig had a size of 38 Kb, while the minimum contig had 
a size of 488 bp.
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Table 26 - Resumed outcome of the treated raw data 
obtained from the Ion Torrent run.
 
 
Figure 58 - Graphical representation of the accumulated 
contig length
The fig 58 represents the accumulated contig length in the y-axis and the number of contigs 
is represented in the x-axis. This accumulated contig length curves are obtained from the anal-
ysis of the de novo assembly. Since the line is closer to the y-axis rather than its linear counter-








Reads insert in contigs 1,707,403
Number of contigs 923
Number of bases 3,344,694
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Figure 59 - Distribution of the matched read length
Figure 60 - Distribution of the unmatched read length
 
As visible in Fig 59, the read length of the matched sequences is widely distributed, from 
approximately 15 bp to 270 bp, even if sequences ranging from 200 to 240 bp are visibly more 
matched than others, which is in accordance with the previously represented distribution of 
read length. Fig 60 shows that the smaller sequences, ranging from 10 to 20 have an obvious 
unmatching tendency.
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 III.6.1 Results obtained by mapping reads against the D. gigas reference genome
By mapping the Ion Torrent reads, a total of 1.9 million reads with average size of 170 bp, we 
concluded that 3.7% of these reads do not match with any sequence of the reference genome, 
and that only 85% of the genome is covered, even if at a coverage average of 75 times. This 
gives us some clues to the error rate of the technology that we conclude to be in the order of 
1.79% and not 1% as claimed by the supplier, at least with high GC .genomes. Moreover, if only 
85% of the reads match with the genome, it means that the library construction missed 15% of 
the DNA. This is also supported by Figs 59 and 60.
Table 28 - General outcome of the mapping to reference.
 
 
Figure 61 - Distribution of the coverage within 3 standard 
deviation from the mean obtained after the mapping to reference. 
The fig 61 shows that most of the positions of the DNA sequence have an average coverage in 
between 75 and 125 times. 3.334.008 positions have coverage between 1 and 260 and 10.686 











chromosome 96,44 3,66% 85% 75,3
plasmid 1,87% 98,13% 96% 61,8
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Figure 62 - Nucleotide mapping relative errors - 
Representation of the most often found substitutions 
for each type of base or gap in the reference sequence.
In the Fig 62 it is visible that the rate of mismatches was very low for all bases, but for all 
bases the rate of deletions was proportionally a lot higher than the raw data of for instance 
Illumina. Mistaken insertions rate is low but now as low as in Illumina, and again especially the 
Cs and Gs seem to be more prone to be inserted in the reads than As and Ts. It should be noted 
that only mismatches are plotted but the matches are not included. 
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III.7 – Comparison of the four methods: Some assumptions taken after our in-
house bioinformatics analysis
 The comparison of the obtained raw data from the four different methods, before and after 
trimming, is summarized in table 29. It is also shown the cost of each Megabase (Mb) of DNA 
Sequence, although those costs have to be referred to the date of the experiment (today, the 
costs are much lower already).
Table 29 - Summary of all raw data
   
Back in 2008-2009, STABVIDA paid more than 40,000€ to obtain 70 Megabases of raw data 
of the genome of D. gigas with little or none bioinformatics included. At present, STABVIDA of-
fers the clients a commercially full in-house service of generating 800 Megabases of data with 
bioinformatics included for 800€ (meaning 1€ for each megabase of sequencing data).
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The comparison of the results of the de novo assembly are summarized in table 30.
Table 30 - Summary and comparison of de novo assembly, individually and taken together.
 
    
Comparing the results obtained by mapping, a posteriori, the reads against the reference com-
plete D. gigas genome is shown in table 31 for the bacterial chromosome and in table 32 for the 
bacterial plasmid.
Table 31 - Chromosome of reference genome used for mapping the raw data
Sanger 454 Illumina Ion Torrent Taken together






















N50 (bp) 1,864 12,177 60,650
N25 (bp) 2,733 18,645 90,262
Minimum (bp) 228 207 1032
Maximum (bp) 9,578 45,814 199,432
Average (bp) 1,756 6,641 28,918
Number of 
contigs 967 568 130
Number of 






















62 96.5 96.3 96.4
% un-mapped 
reads
37 3.5 3.7 3.6
% of the 
genome 
covered
44 96 98 85 
Average 
coverage
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Table 32 - Plasmid of reference D.gigas genome used for 
mapping all raw data, individually and taken together.








% of the 
genome 
covered
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Chapter IV – The complete genome of D. gigas and its annotation
Preface
In this chapter it is shown the result of the full assembling and the annotation of the Desulfo-
vibrio gigas genome.
All raw data obtained from the four different methods was assembled by the professional 
team led by Jeronimo Ruiz from FioCruz, BH, Brazil, using Velvet software and the consensus 
genomic sequence was obtained with Phrap. Protein-coding sequences were manually curated 
essentially by the D. gigas genome team at ITQB and STAB VIDA using the Artemis Software. 
The main results of this assembling and annotation exercise can be seen in tables 1 and 2, re-
spectively. These findings were submitted for publication in March 2014 to “Open Microbiology” 
and are now published. The data of the publication was 15th May of 2014. A total of 3,370 genes 
were found in the bacterial chromosome, plus one in the plasmid. Of these, 3,273 genes are 
protein-coding, but it was not assigned the function to 999 of them.
Acknowledgments: The author’s contribution to this chapter was a modest participation in the 
genome’s annotation exercise, that took several months, and all the previous work concerning 
the MOPP gene and MOPP operon. The author acknowledges Fábio Silva, Catarina Pimentel, 
Cátia Santos and Jeronimo Ruiz for the professional work in assembling and annotating the ge-
nome as well as Ulrich Thoenes for his contribution to the cloning and sequencing of the MOPP 
gene.
“If you’re walking down the right path and you’re willing to keep walking, 
eventually you’ll make progress”
Barack Obama
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Table 33 – General genome features of Desulfovibrio gigas
 
Features Value % of total
Genome
Genome Size (bp) 3,693,899 100
DNA coding region (bp) 3,249,714 87.98
G+C content (bp) 2,341,530 63.39
Extrachromossomal elements 1
Number of replicons 1 




Protein-coding genes 3273 97.09
Genes density (bp/gene) 1128
Average length of a gene (bp) 993
Pseudogenes 47 1.39
Genes with as signed COG 2273 67.45
Selenocysteine-containing proteins 9
Genes without assigned function 999 29.64






IV.1 – The submission of the complete genome sequence to NCBI in 2013 and the 
publication in 2014
This chapter starts by the recent publication Morais-Silva et al, where our team, present the 
major findings from the genomic sequence of D. gigas. The following tables 33 and 34 summa-
rize the general genome features of Desulfovibrio gigas.
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Table 34 - Desulfovibrio gigas gene classification by pathway











Oxidation of pyruvate to acetyl-CoA and acetate 20
Lactate metabolism 6
Beta Lactamase proteins 8
Formate Metabolism 7





Transcriptional Factors Sigma 54 13
Response to Oxygen 17
Energy Conservation
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Table 35 - General plasmid features of Desulvobrio gigas.
The genome of D. gigas (CP006585) consists of one circular chromosome of 3,693,899 base-
pairs (bp) having 3370 genes of which 3273 are protein-coding. The genome has a G+C content 
of 63.4% that reflects a biased codon usage. Indeed, D. gigas prefers high G+C codons (66.87%), 
with a clear preference for cytosine (C) in the 3rd position (82.03%). The genome is very com-
pact as observed by its gene density of 1128 bp per gene and the average length of each gene is 
993 bp. It contains 17 transposases, whereas in other SRB genomes this number is in average 
34 (Bennett 2004). This relative low number of transposable elements in D. gigas may indi-
cate a low rate of reorganization of its genome. Other features include 47 pseudogenes and 48 
tRNAs (Table 1), as well as 9 selenocysteine containing proteins. Surprisingly, one single operon 
of rRNA was found in D. gigas in contrast to what was detected in other Desulfovibrio spp. that 
contain between 3 and 6 operons. The plasmid of this bacterium (CP006586) has a size of 
101,949 bp, containing 75 ORFs, of which 72 are coding regions. 
Features Value
Size (bp) 101,949
G + C contente (bp) 64,081
DNA coding region (bp) 79,425
Pseudogenes 3
Protein-coding genes 72
Gene density (bp/gene) 1415
Average length of a gene (bp) 1103
The sequencing of the D. gigas genome provides insights into the integrated network of ener-
gy conserving complexes and structures present in this bacterium. Comparison with genomes 
of other Desulfovibrio spp. reveals the presence of two different CRISPR/Cas systems in D. 
gigas. Phylogenetic analysis using conserved protein sequences (encoded by rpoB and gyrB) 
indicates two main groups of Desulfovibrio spp, being D. gigas more closely related to D. vulgaris 
and D. desulfuricans strains.
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IV.2 – The MOP operon
In 1994, our team cloned and published the sequence of the gene from D. gigas coding for 
molybdenum-containing aldehyde oxido-reductase (Thoemes et al, 1994). This was the team’s 
first adventure into the genetics of this bacteria because, by that time, this sequence was 
needed for solving the 3D structure of that protein, which resulted in a high-impact factor pub-
lication in Science by Romão et al, 1995 (fig.63). These two publications have been referred 47 
times and 449 times respectively.
   
 
Fig. 63 In 1994, our work published on Solving the MOP gene 
was the basis for its correspondent profein’s 3D determination.
 
MOP
The molybdenum enzymes are ubiquitous proteins in a variety of species, classified according 
to their molybdenum cofactor. The nitrogenases contain the iron-molybdenum cofactor (FeM-
oco) and all other known enzymes contain the molybdopterin cofactor (Moco). The molybde-
num enzymes catalyze redox reactions like xanthine dehydrogenase, sulphite oxidase, nitrate 
reductase, dimethylsulfoxide reductase and formate dehydrogenase. Additional cofactors may 
be present in the molybdenum enzymes, as for example flavin, b-type cytochrome and iron-sul-
phur centers.  The molybdenum iron-sulphur protein (MOP) first described by Moura et al. in 
1976 is an aldehyde oxidase from Desulfovibrio gigas. Romão et al, 1993 stated that the MOP 
contained two [2Fe-2S] centers as additional cofactors and has a molecular mass of approx-
imately 100 kDa. (Thoenes et al, 1994)  It’s located in an operon containing a total of seven 
ORF’s, namely a putative molybdopterin enzyme and a putative nitroreductase, as shown in Fig. 
64 and 65.
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Figure 64 – Overview over the assembled and annotated genome.
 The red circle is signing the region where the MOP and surroundings 
are situated, obtained from artemis software.
 
Figure 65 – Region containing the MOP gene and surrounding 
area, obtained from artemis software
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IV.3 - Other metal protein’s coding genes found in the genome
Following our studies with the MOP, and due to the importance of this metal in D.gigas, we de-
cided to look for all the genome encoded proteins containing molybdenum and we found a total 
of 21, equally distributed on the genome as shown in the next figures. We also show the same 
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Figure 67 - Localization of the genes coding for iron 
containing enzym
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Chapter V
Preface
This chapter is dedicated to trends in the genomics world, and the direction that NGS is 
taking. We are in 2014, and both the BIG DATA output and cost per Kb of genomics information 
could not be predicted, not even in 2012, only two years ago. It is impossible to predict how the 
genomics world will be in 2020, only six years ahead. 
This last chapter, besides presenting interesting numbers and graphics, collected from very 
recent economic surveys targeting investors, is also about the importance of translational 
research.
In fact, the Desulfovibrio gigas genome project, after all, is not only a scientific project, aimed 
purely at knowledge. Because of the partnership between ITQB and STAB VIDA, the company 
born in July 2001, this genome is also a successful story of industry-academia partnership to 
generate knowledge and economic value for society. A few take home messages are suggested 
and a possible model for boosting translational research and its benefit for Portugal’s economic 
growth is presented. Such model, called 5.50.500, is suggested also as a way for Portuguese 
genetics professionals contribute to the re-balancing of ERA (European Research Area).
Acknowledgments: the work presented in this chapter represents mostly the author’s point of 
view. Daniela Leão and Sofia Goes, shareholders of STAB VIDA, are to be acknowledged for their 
work of daily debate and in practice of the concepts of translational research hereby discussed.
“Things don’t have to change the world to be important”
Steve Jobs
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V.1 -The evolution of BIG DATA output overtime, and what is next on the corner.
 
The field of Life Sciences is, more and more, relying on BIG DATA produced by the NGS tech-
nologies. Many different applications exist today, being small genome sequencing a fraction of 
these. At STAB VIDA we receive many requests of quotation and projects that researchers out-
source to specialized companies like ours, being the number of NGS projects growing exponen-
tially, as shown in Fig. 69. For some of these projects, five million reads with average size of 300 
bp is enough, for some others, even 20 million reads are not enough. One of the major bottle-
necks is still the bioinformatics analysis, where for such quantity of data, better algorithms are 
needed, and interpretation of the results is not yet user friendly. 
Figure 69 – Focused Publications using BIG DATA in Life Sciences.
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Table 36 contains a summary of the explosive evolution of the output in terms of base pairs 
per day, from the 70’s till today.
 Table 36 – Milestones in DNA sequencing technology.
 
 The following sections summarize interesting conclusions taken by recent surveys and mar-
ket analysis targeting NGS consumers. These data were gathered in the following surveys:
i) Razvi E (2014) Next Generation Sequencing (NGS): Market Trends. GENReports: Market & 
Tech Analysis, Selected Biosciences Inc.,
ii) Groberg J (2014) DNA Sequencing - Genomics 2.0: It’s just the beginning. Macquarie (USA) 
Equities Research, Macquarie Capital (USA) Inc., USA.
iii) UK.Marketsandmarkets.com (2014) Next Generation Sequencing (NGS) Market by Plat-
forms (Illumina HiSeq, MiSeq, HiSeqX Ten, NextSeq 500,Thermo Fisher Ion Proton/PGM), Bio-
informatics (Exome Sequencing, RNA-Seq, ChIP-Seq), Technology (SBS, SMRT) & by Applica-
tion (Diagnostics, Personalized Medicine) – Global Forecast to 2020. MarketsandMarkets (report 
code: BT 2697), USA.
Output (base pairs per day)
1970's Manual sequencing using radioactive isotopes for tagging DNA 1,500
1985 First Automated Sequencer ABI model 370A DNA tagging DNA  6,000
1990 ABI PRISM Model 373 DNA Sequencer 9,600
1995 First Capillary Electrophoresis Sequencer (ABI PRISM 310) 15,000
1995 ABI Prism 377 DNA Sequencer 105,000
1997 MegaBACE 1000 500,000
1998 PE Biosystems Prism 3700 1,000,000
2001 MegaBACE 4000 2,800,000
2005 First 'Next Gen Sequencer" GS20 454 Life Sciences 20,000,000
2007 Illumina Genome Analyzer 150,000,000
2009 Genome Analyzer IIx and SOLiD 3 5,000,000,000
2010 HiSeq 2000 25,000,000,000
2012 HiSeq 2500 90,000,000,000
2014 HiSeq X Ten 600,000,000,000
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Figure 70 – Are you satisfied with the lowered cost, 
higher output, and integrated offerings coming from 
NGS platform products today?
 
Figure 71 – Do you own, or support one of the following  NGS 
platforms?
 
Figure 72 – Does your organization prefer 
commercial or open-source NGS software solutions?
 
Figure 73 – Are you currently planning to outsource NGS?
 
V.2 -What are the preferences of NGS users?
Illumina platforms are the most widespread of all NGS technologies and the trend for bioin-
formatics available options are the open-source instead of commercial solutions. As can also 
be seen from the Figure 70 till Figure 73, the satisfaction of users with NGS output and cost is 
good (Razvi, 2014).
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V.3 – What is the total market size for NGS? The evolution of the costs of DNA 
sequencing over time: from 15€ for 800 bp in 2001 to 1,5 € for 1 Mb in 2014.
NGS is on a growth trajectory and the NGS-based revenues are expected to reach US $5 
Billion by 2015 (Groberg, 2014). The worldwide installed base of NGS instruments for Research 
Use Only (RUO) in 2014 is forecast at  5,500. For clinical use the number of NGS instruments 
forecast for 2014 is 1000.
In 2001, when STAB VIDA was initiated, the cost of sequencing the human genome was 
100 Million dollars (approx. 75M€). Today, STAB VIDA is offering small bacterial genomes for 
around 800€ and human exomes for around 900€. It will be obviously very difficult to predict 
the prices for 2020.
 
 
Figure 74 - The fall in cost per genetic data 
point has seemingly outpaced Moore’s Law
The figures taken from different surveys (Razvi, 2014; Groberg, 2014; Markets & Markets, 
2014) allow us to have an overview on interesting numbers, namely the existence of 50,000 
molecular biology labs, out of which 8 are major sequencing centres: the size of NGS market is 
distributed among different target areas, where molecular bacteriology accounts today for an 




Figure 75 - Microbiology market size - 
Microbiology addressable market (in billions of dollars).
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  Table 37 - Number of labs globally
 
Figure 76 – Major Sequencing Centres, September 2009 –
The most Major Sequencing Centres are located in USA.
 
 





Molecular Biology labs 50,000
Clinical with molecular 
capabilities (US)
2,300
Forensics with molecular 
capabilities (global)
1,000
Estimated number of labs with at 
least one sequencer
5,000
       On the Road of Sequencing the Genomes 161 
Figs 78 and 79 summarize the panorama of NGS options, in 2011 and 2014, where it is visible 
an extraordinary evolution
Figure 78 - Sequencer instrument cost versus output 
per day, 2011.
 
Figure 79 - Sequencer instrument cost versus output, 2014.
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Table 38 gives some clues on the market size in terms of millions of dollars, for Genomics and 
NGS.
Table 38 - Total addressable Genomics 2.0 
market opportunity (Ex-USA refers to markets outside USA).
 
 
(US$m) USA Ex-USA Total
Total Oncology $5,600 $5,600 $667,899
Clinical $3,700 $4,600 $8,300
Hereditary $1,400  $400 $1,800
Molecular monitoring $500 $600 $1,100
Total Reproductive $1,884 $4,670 $6,554
NIPT $950 $1,900 $2,850
Carrier $500 $1,200 $1,700
Neonatal $200 $1,000 $1, 200
IVF $234 $570 $804
Total other markets $2,430 $2,480 $4,910
Microbiology $1,500 $1,500 $3,000
Livestock and agriculture $400 $420 $820
Transplant/HLA $160 $330 $490
Forensics $270 $150 $420
Consumer genomics $100 $80 $180
Total addressable market opportunity $10,000 $13,000 $23,000
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V.4 – Who is who in genomics? And what is genomics important for? What is the 
importance of small genomes for professionals, in particular, and for science as a 
whole?
Next table shows the major players investing in NGS platforms, as seen worldwide. In  the 
Iberian Peninsula, STAB VIDA is already a strong player, by operating the platforms Miseq, 
PGM and Hiseq 1500.
Table 39 - Most promising NGS companies
 
  









The Genome Center at Washington 
University 
58
Wellcome Trust Sanger Institute 42
DOE Joint Genome Institute 20
Baylor College of Medicine 18
Michael Smith Genome Sciences 
Centre 
16
Ontario Institute for Cancer 
Research 
15
Beijing Institute of Genomics 15
Centro Nacional de Analisis 
Genómico (CNAG) 
10
Genome Institute of Singapore 9
Cold Spring Harbor Laboratory 8
Centre for Genomic Research 7
Beckman Coulter Genomics 6
UCL Genomics 6
JCVI 6
Cambridge Research Institute 5
GATC 5
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A summary of the centres being the most active players in the NGS fields, as well as their 
major interests is shown in fig 80-83. The most promising companies and players of the future 
are also presented in Table 39.
Figure 80 - Study Demographics
Figure 81 – Sequencing platforms installed in the 
market, as visible Illumina accounts for 62% 
of the installed sequencing platforms in the market.
Figure 82 – Breakout of Researchers vis-à-vis their Utilization of NGS. 
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Figs. 83 and 85 show that here is a the focus on oncology but other disease classes are 
gaining traction too. An important note is percentage breakout between activities focused on 
analysing somatic mutations versus RNA-Seq.
 Taken together, we believe that the data presented herein provide a picture of the NGS field, 
and furthermore we are seeking to provide starting material for NGS-based panel tests which 
can then be validated across patient cohorts and developed subsequently into LDTs/IVDs.
 
Figure 83 - Breakout of Researchers vis-à-vis 
Their Utilization of NGS. II
 
 
Figure 84 – Segmentation of the NGS clinical 
Space by Disease Class Addressed currently 
Figure 85 - “Analyte Classes” Studied via NGS Today: 
Provides a Picture of Research Efforts by Type of 
Nucleic Acid
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V.5 – The importance of small genomes sequencing
NGS is surely an important tool for the study of microorganisms and their effects on other 
living organisms with an emphasis on infectious-disease causing bodies which is of particular 
interest to public health scientists. There are three main buckets into which microbiology can 
fall: basic research, clinical, and industrial.
Microbiology basic research
Public health scientists are constantly looking for new methods to understand how diseases 
are spread in populations to better control future outbreaks. Historically, Sanger sequencing, 
Multilocus Sequence Typing (MLST) and Multilocus VNTR Analysis (MLVA) have been the pre-
ferred methods for public health departments to research outbreaks. Time, money, and labour 
resources needed for these methods have become the limiting constraints. (Goering et al, 2013)
Over the past few years, however, NGS has taken over for prior processes as scientists can 
now sequence thousands of bacterial isolates affordably and cost efficiently while looking at an 
entire genome rather than just bits and pieces.
With the high throughput capabilities of NGS, pathogen samples from multiple patients can 
be quickly sequenced to identify mutational markers and ultimately understand the social 
relationships and pathways through which diseases spread. Basic research is essential to pave 
the way for the future method for identifying these highly infectious pathogens (that can quickly 
spread without proper identification).
Clinical microbiology
In hospital settings, being able to determine the identity and anti-biotic susceptibility of infectious 
organisms is critical. “Classic” microbiology involves seeding Petri dishes with specialized media and 
seeing which organisms grow. Then, based on an efficient isolation of a bacteria colony in the dish, 
the organism can be tested for antibiotic susceptibility. While highly effective, this process can take 
days to weeks to deliver results, and patients are often started on an antibiotic regimen as a precau-
tion. The reasons classic microbiology persists today are its cost (10x less than molecular testing) 
and its definitive guidance for antibiotic prescription. However, this will change over time.
As a first step in this transition, many labs are adopting new mass spectrometry based systems in 
order to more quickly and cost effectively ID microorganisms. A leader in this field is Bruker (BRKR) 
with its MALDI Biotyper. With the MALDI Biotyper the lab must still grow the organism, but instead 
of the cumbersome steps to identify the organism they use spectra generated from the mass spec. 
This shaves ~24 hours off the typical time-frame. 
In the future, most microbiology labs think that all these organisms will simply be sequenced. 
As such from sequence information, the labs will be able to know not only the bug’s identity but 
also its susceptibility. However to get to that point, the cost of library preparation must get closer 
to the costs of classic microbiology, or ~€10. Today NGS library preparation is on average ~€30-35 
(depending on the volume of the organisms a lab might have), but this is a cost that continuously will 
fall quickly. The demand for infectious disease identification should grow as far as the prices decline 
further and the cost effectiveness of NGS applications become fully validated.
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Industrial microbiology
Industrial applications for microbiology include testing food, water, animals, or manufacturing 
processes (e.g. biologics) for infectious organisms. Industrial applications tend to be much more 
price sensitive, but remain an important part of the microbiology market. 
Sizing up the microbiology market
Although likely a much longer term opportunity, the estimated market size could be near 
€2.6 billion in clinical microbiology, €2.2 billion in industrial, €1.2 billion in molecular bacteri-
ology, and €1.7 billion in molecular virology for a total addressable market size of ~€8 billion 
(Groberg 2014; Markets & Markets, 2014).
NGS, over time, could replace many of the existing technologies used in microbiology. If one 
assumes that 1/3 of the ~€8.0 billion microbiology market converts to NGS over time, this 
could represent a €3 billion market opportunity (Razvi, 2014; Groberg, 2014).
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V.6 – The project Gigasnoma for solving the D. gigas genome sequence is an in-
dustry-academia partnership and is a case study of the difficulties of translational 
research
Figure 86 - First draft of this thesis, delivered to Prof. Rodrigues-Pousada, 
15th July 2014. Both the author and Prof. Rodrigues-Pousada 
are the faces of this industry - academic collaboration for translational research.
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The work of solving the D. gigas genome was done in parallel with the very absorbent tasks of 
launching and running a biotech start up that, coincidentally (or not) performs DNA sequencing 
as one of its core activities. Looking back, now I can say that the benefits were in both direc-
tions: from D. gigas project to STAB VIDA service implementation, and from the sequencing 
routines implemented at STAB VIDA, for delivering more and more data to the D. gigas genome 
project.
Gigasnoma can be considered a case study for translational research as a result from the 
“learning by doing” process of industry-academia partnership between ITQB and STAB VIDA. 
This partnership was one of the pioneering initiatives in Portugal for translational research and 
mutual benefit for the two sides of the same coin: industry and academia.
V.7 Why translational research? Knowledge creation: it’s nice, but….. it is also an 
investment that needs return.
Knowledge is created out of investment (money and time), mostly making use of public money, 
meaning tax payers money. It is only fair to expect that knowledge should pay this investment, back 
to society.
In life sciences, expenditure is very high, and there are Institutes where it costs an average of 
250k€ per PI per year, plus his/her salary. Such amount of investment generate knowledge from 
data, for being published. 
If such knowledge will generate new products or new services, or important support for correct 
decision making (for instance in the clinical practice), then the investment will revert again to the tax 
payers in the form of:
i) new collected taxes from the new products, services and/or 
ii) improved healthcare, improved food or improved quality of life in general, etc.
But the process of knowledge translation is almost a science per se, it is very hard to achieve 
success, very intensive and not at all simple. Nevertheless, it has to be encouraged since generating 
knowledge without translational application will not outreach and will not add benefit for society as 
a whole.
One successful example is the genome project of D. gigas. Solving and annotating the complete 
genome is the evidence that knowledge has been generated. The Portuguese tax payers contributed 
to it with a 100 k€ investment, through a grant of AdI to ITQB (80%) and STAB VIDA (20%). On 
plus, STAB VIDA invested from own private funds around 150 k€. But after the conclusion of this 
project, and also because of it, STAB VIDA became international  service provider of small genomes 
sequencing and BIG DATA/bioinformatics selling, returning more than those 100 k€ in taxes to the 
tax collector, each year, and with good perspectives of growing the overall revenues of the company.
Or, saying in another way: with a society investment of total 100 k€, the same society now gets 
more than those 100 k€ back every year, and 3 new jobs have been created – all that plus, of course, 
the knowledge of the full annotated genome of the bacteria Desulfovibrio gigas, openly accessible by 
anyone, anywhere in the world. 
There are however many cases of investments to obtain new knowledge that are not translated 
at all. We all know that, and there is nothing wrong about it, as long as the scientists do understand 
that, whatever knowledge they produce is sponsored by tax payers, and they are expecting a benefi-
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cial return to the whole community. Researchers should be encouraged to cooperate in the process 
of translation, probably not being the drivers of it – it takes the right professionals for that – but being 
participants and direct beneficiaries of that. 
Knowledge creators are the professionals that society chooses for investing on, hoping to get 
back a good ROI (return on investment). Innovators are the professionals needed to make it a 
reality. Knowledge is surely not more than  50% of it. Translation is the other 50%. Society needs 
both working together for translating the research, and both of them need each other.
V.8 The reality of translational research in Europe: the continent that lives the 
peace and unbalance.
Europe is a Continent in peace, but unbalanced. The 28 EU members are enjoying decades of 
peace and progress. Such progress, however, is unbalanced, since the Southern periphery of the EU 
28 is poorer and struggling with unemployment and bankruptcies, while the core Northern countries 
have superavits on their trade balance, low unemployment rates and solid economic growth.
Keeping up peace was probably the most important initial driver for the European Union idea and 
project. Now, the times are different, and there are other big challenges and threats to the Europe-
ans and to the EU Member States. Major risks are energy supply and unbalance.  If one would be 
able to look from the sky over EU-28, a huge flow of money in the form of interests of the State’s 
debt, and skilled professionals (immigrants) is seen from some of the peripheral countries (poorer 
and less industrialized, less specialized economies) to the northern core EU (most innovative econo-
mies, richer, high earning in interests from near-past loans to the poorer countries).
Such unbalance is also seen in the EC’s research funding programs. Some countries like DE, UK, 
NL, SE, are bigger beneficiaries of such funds and they are in the group of “high performing countries”.
Figure 87 - Portugal and other peripheral countries were performers in the EU FP7 framework program. This means that the 
country’s contribution to EU budget was higher than its re-attracted budget.
Low performing countries are liquid contributors to high-performing countries, like DE and UK.
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 These countries have, a priori, two advantages over other countries like Portugal, Bulgaria, 
Slovenia, etc.: the language and the good reputation that involuntarily influences the evaluators 
when ranking the applicants and their proposal. These framework programs, somehow contrib-
ute to the depletion of resources (financial, young skilled people) in the periphery towards the 
core. This has a huge impact in the scientific landscape of the European Research Area (ERA), 
where peripheral countries are liquid contributors to the core EU countries, which are liquid 
receivers.
In the end, ironically, there is an indirect and direct support of the progress in the form of bet-
ter research and innovation of the richer countries, from the poorer. Consequently, years after, 
these innovations, meanwhile fabricated in the richer countries, will be bought and imported 
from the peripheral countries at very high prices, the same innovation they helped financing, 
resulting in a tremendous dependence in terms of their freedom to operate, running costs, etc., 
turning it into a vicious cycle.
European Research Area needs urgent balance. ERA is fundamental for the harmonious 
growth of all EU countries, and vital for the less developed regions in the periphery. Our pol-
iticians, and other decision makers, need to play their role and fight for the implementation 
of a harmonious ERA. An unbalanced Europe will not last, will disintegrate and will affect its 
citizens. Above all it is not morally acceptable.
To generate balance, i.e., to re-equilibrate the ERA, research and innovation needs to be de-
veloped and retained in the periphery. This can only be achieved if a cluster of innovative pro-
fessionals and innovative organizations start developing and growing near the fertile centres of 
research, like the Universities and Institutes of Research.
Universities from less developed countries alone cannot rebalance ERA, because their free-
dom to hire, freedom to operate and freedom to decide is very limited due to their dependency 
on the State, due to the immense restrains they face. On the contrary, none of these restrains 
apply to innovative SMEs, where, for instance, doubling its working staff in one year is not as 
rare as one could expect. 
The European Research Area (ERA) is, like EU28, unbalanced. The future of our field profes-
sionals (scientists, innovators, technology entrepreneurs) depends on its urgent rebalancing 
and this can only be achieved if academics and private professionals work closely together, like 
ITQB and STAB VIDA did for the D. gigas genome. For that the number and impact of contracts 
between both parts have to rise significantly over the next years, and not longer than 2020. 
V.9 – The lack of tradition in academic-industry partnering in Portugal – is our 
country lagging behind?
In Portugal, as in other countries, private companies are big contributors of taxes to society 
(IRS, IRC, VAT, social security, and other taxes). But society is suspicious of all managers of 
private companies without knowing that, if companies fail in delivering their taxes, their manag-
er’s assets can, by law, be sold to cover the company’s responsibilities, and these managers can 
be held criminally responsible. 
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Society takes a lot of benefits from having healthy private companies. Is the reverse valid 
also?
For instance, let’s think about a research institute that is fully equipped with state of art 
technologically advanced machinery, bought with tax payers money or with debt: what would 
happen if a start-up company approaches and asks to use such equipment for their commercial 
purposes? My experience is that all kind of barriers will be built: build all kind of barriers bureau-
cratic, financial, administrative until the SME finally gives up.
Why such assets, cannot be acceded for a purpose of economic exploitation, in order to poten-
tiate and generate return on investment? Is it bad or good that an investment of, for instance, 
1M€ done by the community, primarily for research, a non-commercial purpose, is exploited 
also by private agents of commercial purpose, taking into account that, the 1M€ came from 
these category of agents? And what would be the answer if society becomes aware that the 
parallel use of such asset, if successfully done, can generate an income of another 1M € for the 
tax authorities (IRS, Social Security, VAT, IRC, etc)?
Now, lets think on the investment that the Portuguese society has done in recent years in 
libraries, equipments, buildings, P1, P2, P3 laboratories, software, hardware, cold chambers, 
fermentors, bioreactors, scanners, sequencers, mass spectrometers, RMN, etc, etc. Would it be 
reasonable to say that the whole BIO academic/scientific system in Portugal operates on top 
of an installed and payed investment of 1.000 Million of Euros, coming from the tax payers (and 
loans, to be payed with interest)? How much sales do all these assets generate? How much tax 
society gets back from their investment? 1 M€ per year? 10 M€ per year? 
Portugal and all the Portuguese citizens have the task of looking to all that exists as exploit-
able assets, and pave all possible ways for taking full advantage of them. It is a professional 
mission but above all, it is an urgency for a country in huge deep crisis.
V.10 - Suggesting a model for fostering growth involving effective translational 
research
The model 5-50-500-5000 or 50 SMEs – 5% royalties
The following model is a suggestion for encouraging translational research to achieve a fast 
growth and seriously contribute to the Country’s GDP growth as well as the ERA’s re-balancing. 
In this model, the most knowledgeable centres must produce:
i) knowledge,
ii) skilled human resources and
iii) economic activity, through hosting SMEs for new commercial products and services. 
So far, the knowledgeable centres only produce the first 2, but not the last: economic activity.
In this proposition, a University campus with 5000 graduate students and about 500 PhD 
students is encouraged to host 50 technological SMEs, who will run upon 500 private jobs and 
give back to the campus 5% of their revenues. This population of 50 SMEs will be renewed, 
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at the same time some of them are spanned out, and exit to the neighbouring private parks of 
science and technology.
How would it work in practice? Let’s imagine a scientific campus with 5000 undergraduate 
students and its staff of Professors, researchers, technical and administrative supporting per-
sonnel, with a yearly spending budget of 50 M€. What could change in the years to come, and 
be fully implemented by 2020:
A - This campus should find enough space (offices and labs) for hosting 50 SMEs, covering 
different areas (e.g. Life Sciences, materials, Health related companies, medical devices, 
internet development, bioinformatics, etc.). The attraction of SMEs can be done via advertis-
ing (locally, regionally, nationally and abroad) or by stimulating an internal entrepreneurship 
program for spinning out new companies from the campus existing academic laboratories. 
As attraction factors, the Directors of these campus could think of minimum rental costs for 
m2 (between 5 and 10 €/m2), policy of minimum pay-per-use of existing infrastructure and 
installed equipment, defining 2nd priority of commercial exploitation of assets as a universal 
rule, and sharing of structure like internet, water and gases.
 
B - The managers of these companies and the PIs of the campus should, to the best pos-
sible allocation, have their office spaces in common (mixed) office rooms. The same should 
happen between the sitting desks of PhD students and the staff of those SMEs. 
C - Each SME should as a universal rule give 5% of their yearly sales to the Academic 
Campus, independently of their profit. And when their turnover surpass the 5 M€, again inde-
pendent of profit, these spin off and startups need to exit the campus, and be transferred to 
a neighbouring Science Park.
On average, these 50 SMEs would have 10 staff members each, and contribute to the State 
in taxes with 1 M€ yearly, each. This means 500 private jobs (some of them direct employment 
of human resources trained in the campus) and a full self-sustainability of financials, since the 
State’s contribution budget would be 50 M€ to the knowledge campus but it would collect the 
same 50M€ in taxes from the 50 SMEs the same amount of 50 M€. On plus, an employment 
structure (trainees, first jobs, etc.) would be living on campus door to door with the training 
laboratories and classrooms. 
Once the SMEs exit to the Science Parks, they are more robust and their chance of survival, 
growth and exports generator is already high. If they decide to stay 5% contributors to the 
academic campus, this value is deducted from their IRC. A successful campus would spin out 3 
to 5 SMEs each year, and keep from these 5% royalties of sitting SMEs plus 5% of alumni SMEs, 
around 5M€ every year, that the campus could use for funding internal research programs.
The university campus and the research centres, in Portugal, are a kind of “sleeping beau-
ties” and they need to engage proactively in a national program of translational research, 
rendering direct benefits for them, but also huge benefits for society.
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V.11 – 20 years…. looking back and looking ahead
From the first paper of this thesis (Ulrich et al, 1994), till the 2nd and most important one 
(Morais-Silva et al, 2014), 20 years have passed.
This was a long time.
Looking back, one must say that the genetics field had a revolution, moving from gene studies 
that could take 1 year or more to whole genome studies that only need one week maximum. 
The amount of data generated today is astonishing.
In the quest of justification for the need of so much time for the presentation of this work, 
many different reasons came upon as real. Like for instance the technological evolution, the 
bioinformatics bottleneck, the demanding job of managing a start-up. But, in the end, the most 
obvious explanation is one: time is too fast! Really fast! But, above all, it was a great team.
What is the future? Most probably whole microbial genomes and whole human exomes will 
become daily routines in any genetics lab. But if I am allowed to do a futurology exercise, I 
would dare the following previsions, but please only to be read by 2050:
i) The organization of society and cities will be completely different: in the recent past, 
churches were substituted by shopping malls as the main society gathering places. In 
the future, shopping malls will be built underneath the cities and they will supply food and 
daily needs from below, by elevators, directly to the homes of citizens, after ordering on 
the internet (just like water and electricity supply).
ii) People will live longer, and each city hospital will have an extension at every one’s 
home, with point of need kits serving as pre-diagnostics routine procedure. There will only 
be 5 countries left after territorial re-organization.
iii) Someone will prove that the major role of DNA in the cell and in the living organisms 
is not coding for proteins nor hereditary related functions. These are probably the second-
ary effects, of the major role of DNA in life yet to be proved...
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